Sepsis represents the host's systemic inflammatory response to a severe infection. It causes substantial human morbidity resulting in hundreds of thousands of deaths each year. Despite decades of intense research, the basic mechanisms still remain elusive. In either experimental animal models of sepsis or human patients, there are substantial physiological changes, many of which may result in subsequent organ injury. Variations in age, gender, and medical comorbidities including diabetes and renal failure create additional complexity that influence the outcomes in septic patients. Specific systembased alterations, such as the coagulopathy observed in sepsis, offer both potential insight and possible therapeutic targets. Intracellular stress induces changes in the endoplasmic reticulum yielding misfolded proteins that contribute to the underlying pathophysiological changes. With these multiple changes it is difficult to precisely classify an individual's response in sepsis as proinflammatory or immunosuppressed. This heterogeneity also may explain why most therapeutic interventions have not improved survival. Given the complexity of sepsis, biomarkers and mathematical models offer potential guidance once they have been carefully validated. This review discusses each of these important factors to provide a framework for understanding the complex and current challenges of managing the septic patient. Clinical trial failures and the therapeutic interventions that have proven successful are also discussed.
I. INTRODUCTION
Undeniably, sepsis is still a profoundly damaging and lifethreatening condition for many individuals. The incidence of sepsis is increasing with a consequent rise in hospitalizations and resource utilization in providing care to septic patients (90, 199) . The annual cost of providing care to septic patients is approximately $24 billion in the United States, representing a 57% increase in expenditures from 2003 to 2007 (204) . It is expected that the worldwide incidence will continue to grow in a milieu of antimicrobial resistance, a greater proportion of elderly people, wider use of immunosuppressive therapies, and more accessible medical technology and interventions. To place the problem of sepsis in the appropriate context, sepsis survival studies typically follow patients for 28 days, while most cancer studies evaluate 5-yr survival (1,825 days). Despite an overall modest decline in the proportional mortality from sepsis, the total number of patients dying from sepsis is greater than in the past (233) . Those patients who initially survive sepsis experience functional deficits and diminished quality of life, in addition to being at risk for increased long-term mortality (157, 300) .
Implementation of more timely, aggressive initial supportive care has improved survival outcomes in early sepsis but leaves patients susceptible to later onset morbidity and death. Medical advancements that support failing organs such as better Intensive Care Unit (ICU) mechanical ventilation practices and continuous veno-venous hemofiltration allow patients to live longer, but they have impaired, incom-plete recovery. As Gentile et al. (129) describe, septic patients often develop nutritional deficiency, repeated infections, increased energy requirements, and significant but sustainable organ injury before leaving the ICU setting in a debilitated functional state or eventually succumbing to a secondary infection.
Our understanding of the pathophysiology of sepsis has evolved over time, impacting the ability to conceive and conduct effective clinical trials. For many years, the inflammatory dynamics of sepsis have been incompletely understood. Early septic deaths were originally presumed to be due to an unrestrained, overzealous spike in a host's proinflammatory immune response (43) . Vigorous release of systemic cytokines such as tumor necrosis factor (TNF), interleukin-1 (IL-1), and interleukin-6 (IL-6) were well-documented in the septic human response and relevant animal models. These findings fueled the dominant concept of sepsis as a hyperinflammatory state and instigated many unsuccessful anti-inflammatory studies (12, 317) . Then a multimodal hypothesis of sepsis was proposed in which an initial systemic inflammatory response syndrome (SIRS) in sepsis was believed to be followed temporally by a compensatory anti-inflammatory response syndrome (CARS) (162, 276, 327) often increasing the risk of nosocomial infections and other adverse events. Subsequently, concomitant production of circulating proinflammatory and anti-inflammatory cytokines has been demonstrated in a model of polymicrobial sepsis, supporting that a continuously, highly mixed anti-inflammatory response syndrome (MARS) is present (285) . Human studies show similar results and underscore that both classes of cytokines have an integral role in sepsis from the onset and onward (271, 374) . Inadequate understanding of the pathophysiology of sepsis has created fundamental problems in the design of clinical trials to address a better approach the problem of sepsis.
Currently, there is no pharmacological therapeutic intervention directed against a specific mediator of sepsis which is currently approved by the Food and Drug Administration (FDA) or the European Medicines Evaluation Agency. In the past 30 years, there has only been one FDA approved intervention, but it was withdrawn in 2011 by the manufacturer since follow-up studies failed to show substantial improvement in the survival of the septic shock patient (314) . While there are no current therapies directed against a specific target, there are recommended guidelines for early goal-directed medical care to improve resuscitation which have demonstrated effectiveness.
Why do sepsis therapies fail to cure the disease or improve outcome? The complexity of the disease presents substantial challenges to our understanding of what is aberrant and why the alteration is deleterious. Simultaneous derangement of multiple pathways likely drives sepsis mortality rather than a single mediator. This review will explore many of these detrimental changes in humans and a clinically applicable animal model in an attempt to increase understanding of the basic pathophysiological aspects of the disease and provide insight into future directions of sepsis investigation. Inherent variability in the human response to sepsis appears to necessitate a more individualized approach to developing improved therapeutic response.
II. PHYSIOLOGICAL ALTERATIONS

A. Physiological Alterations in Animal Models of Sepsis
Sepsis is a highly lethal disease seen in intensive care patients and trauma victims. It is the clinical syndrome of a systemic inflammatory response that complicates severe infection. Diagnostic criteria include a documented or suspected pathogen plus two or more SIRS abnormalities listed in TABLE 1 (2) . The host response to eliminate pathogens results in physiological and immune system dysregulation of normal processes. Sepsis occurs when the response to infection becomes systemic and affects initially uninvolved tissues and organ systems at distant sites.
Understanding the pathogenesis of sepsis is an important first step in improving outcomes. Several animal models of sepsis mimic the signs and laboratory findings present in septic patients. Such models include the intravenous administration of endotoxin‫گ‬lipopolysaccharide (LPS) or live bacteria, pneumonia induction, colon ascendens stent peritonitis, and the creation of a nidus of infection with cecal ligation and puncture (CLP) (222, 293, 429) . The CLP model closely replicates the clinical picture of sepsis encountered in human patients and has become the most frequently used model of sepsis (52, 76, 321, 328) . A specific focus of infection in the abdomen produces fecal peritonitis, imitating the human diseases of perforated appendicitis or diverticulitis, to induce polymicrobial sepsis often in murine studies. CLP is often used in combination with fluid, analgesia, and an- tibiotic administration to strengthen the clinical relevance. The genetic variability of humans can be partially simulated by utilizing outbred mice to increase applicability of the model to a more diverse clinical population. The CLP model is reproducible, allows production of varying injury severity, enables release of multiple types of infectious organisms from the host's specific flora, and originates as a nidus of infection before spreading systemically (171) . Metabolic, cardiovascular, immunological, and other responses in sepsis can be reproduced to examine underlying mechanisms and investigate therapeutic interventions.
The CLP model of sepsis has important limitations associated with using studies in small rodents. The circulating blood volume of rodents is limited, making it difficult to obtain serial blood samples for multiple assays or those requiring larger quantities to perform. Due to the availability and relatively low cost of small rodents, they can be killed serially at specific intervals for sampling, but newer, more refined methods have been described. For example, multiplex immunoassays have made it possible to repeatedly draw tiny amounts of blood (ϳ20 l) from live mice to determine their cytokine profile without detrimental effects (70, 422) . The diminutive anatomy of the murine blood vessels makes design and use of physiological monitoring tools more challenging. Discrepancies in rodent physiology and lack of comorbidities, compared with humans, clearly limit translational applicability (349) . However, careful selection of a model most closely representative of a target clinical study population (i.e. fecal peritonitis versus pneumonia), varying the severity of sepsis to investigate therapy efficacy, and using animals with comorbidities like diabetes and kidney disease will improve the utility of animal models (52, 105) .
No perfect animal model exists, but CLP and other models have added greatly to our understanding of the host response to sepsis. It is important to continually improve upon and better implement them to study sepsis more effectively. As drug development usually initiates in an animal model and advances to human studies, we will discuss animal alterations in sepsis followed by humans. A review of the physiological changes in murine sepsis provides insight into alterations in human sepsis, even though there are important caveats when extropolating murine models to study human disease.
Body weight
Murine weight gain in the first 24 h after CLP predicts death within the next 3 days (263) . This finding is likely due to sepsis-induced vascular leakage causing fluid retention. Autopsies of CLP mice show generalized tissue edema, including abundant subcutaneous fluid accumulation and ascites (444) . Mice that live have a significant decrease in their body weight from baseline during the first 5 days after CLP (288, 318) . Diminished body weight is a result of the metabolic stress placed on the animal by the initial surgical procedure followed by the subsequent bacterial infection. In the chronic phase of sepsis, gradual recovery of body weight is seen over time. Body weight differences become less apparent in survivors compared with nonsurvivors as sepsis progresses.
Temperature
Alterations in body temperature are frequently observed in experimental animals. Humans typically increase their body temperature during sepsis while most rodents have a decrease in their temperature in response to a significant infection such as CLP (339) . The postoperative decrease in body temperature during the first 5 h is likely due to effects of the anesthesia, but after 5 h it signifies part of the physiological response to sepsis (323) . In animal models of sepsis, postoperative hypothermia is associated with worse outcomes and alterations in the inflammatory response (323, 444) .
IL-6 Levels
IL-6 is a signaling protein that modulates immune function. It is produced primarily by macrophages and T cells in the setting of inflammation that occurs after injury or infection.
Unrelenting and recurring inflammatory insults in sepsis can cause sufficient damage so that dysregulation occurs, creating a situation of metabolic disorder in which the host can no longer control its own inflammatory response (41) . IL-6 has a number of in vivo activities that may play a role in the septic response. The cytokine functions to stimulate hepatic synthesis of acute phase proteins as well as class specific differentiation of immunoglobulins. IL-6 also has a role in temperature regulation (188, 210) , and IL-6 levels in mice with normothermia and hypothermia correlate with survival status. In both the alive and dead mice, hypothermia is associated with higher levels of IL-6 (444) .
Several clinical studies have demonstrated that septic patients who die have increased plasma levels of IL-6 (275, 355) , and elevated plasma IL-6 accurately predicts mortality in CLP mice. Specifically, IL-6 levels at 6 h after the onset of sepsis accurately forecast survival over the first 3 days of injury (320) . Stratification of septic mice into groups predicted to live or die based on plasma IL-6 has been successfully used to selectively target corticosteroid or cytokine inhibitor treatment to improve survival of mice predicted to die (284, 319) . Another group employed the plasma measurement to show that early antibiotic treatment also saves a portion of the mice that would be predicted to die (413) .
A recently described dual cut-off system eliminates the reduction in sensitivity and specificity of a single cut-off and offers even better outcome prediction (70) . In this study, an IL-6 concentration over 12 ng/ml 24 h post-CLP predicted death by 5 days with 100% specificity and a value under 1.5 ng/ml predicted survival by day 5 with 100% sensitivity. This approach allows for robust experiments in which mice that have been subjected to a similar septic insult can be differentiated early and quickly based on predicted survival so that end organ damage can be assessed (178) and targeted therapy may be given only to those at high risk of dying. This will allow the therapies sufficient time to be effective before death occurs. However, while IL-6 levels provide useful prognostic information, no single mediator in the complex picture of sepsis is able to offer definitive diagnostic or treatment guidance in human patients.
White blood cell, lymphocyte, and neutrophil counts
The total white blood cell (WBC) count is diminished after CLP. Murine peripheral blood cells are mostly lymphocytes, although neutrophils are also present. There is often a significant decrease in lymphocytes induced by the sepsis secondary to massive lymphocyte apoptosis (24, 167, 168) . The number of neutrophils in the peripheral blood is an important prognostic sign in sepsis, and mice with a higher neutrophil count have better survival (320) . Overall, mice that die in the early phase of sepsis have significant peripheral blood alterations compared with survivors.
Blood glucose
In contrast to human patients, metabolic derangements in rodents lead to hypoglycemia in response to a septic insult and are associated with worse outcomes. CLP-induced sepsis in rodents also causes a decrease in blood glucose. Hypoglycemia persists and worsens in nonsurviving mice prior to their death, while resolving over 96 h in surviving mice (286) . Similarly, rats dying early after post-CLP sepsis exhibit hypoglycemia compared with survivors (156) . While septic animals manifest the characteristic signs of increased heart rate and respiratory rate, their regulation of temperature and glucose is distinct compared with human patients in sepsis.
B. Physiological Alterations in Septic Human Patients
The human response to systemic infection and inflammation depends on the severity of disease, ranging from sepsis to severe sepsis to septic shock with multiple organ dysfunction syndrome (MODS). Clinical features vary depending on where a patient falls in that continuum. Fever is typically present in sepsis with hypothalamic control of body temperature readjusting to a higher set-point due to a shift in heat equilibrium. Rigors may accompany a fever as skeletal muscle contractions function to produce additional heat. Tachypnea in septic patients may be attributable to increased activation of the respiratory center in the medulla by inflammatory mediators or as response to offset metabolic acidosis. Tachycardia is almost universally present and represents an important compensatory mechanism to maintain perfusion in response to intravascular volume deficits, reduced cardiac contractility, and vasodilation. Severe sepsis occurs in the setting of hypoperfusion or organ dysfunction which may manifest physiologically as a sudden alteration in mental status or oliguria. In the progression to septic shock, hypotension (systolic blood pressure Ͻ90 mmHg) occurs in spite of appropriate fluid resuscitation. These individual symptoms are not pathognomonic for sepsis and may be present in a variety of other conditions. Conversely, classic symptoms of systemic inflammation may be absent in severe sepsis, especially in elderly and immunosuppressed patients.
Specific alterations in the human inflammatory response may signal an increased susceptibility to severe disease and mortality. For instance, some people do not develop typical signs of sepsis such as fever and leukocytosis. Failure to develop a fever or the presence of hypothermia (temperature Ͻ35.5°C) is more common among nonsurvivors of sepsis than survivors (17 vs. 5%) in a study of 519 patients with sepsis (190) . Hypothermia is also associated with adverse outcomes including increased surgical wound infections. A prospective, randomized, controlled study shows that patients with hypothermia have a 19% incidence of wound infection compared with 6% of normothermic patients (202) . Leukopenia (WBC Ͻ4,000/mm 3 ) is similarly more frequent among nonsurvivors than survivors (15 vs. 7%) in a study of 612 patients with Gram-negative sepsis (196) . Overall, these features are associated with a higher severity of illness in the sepsis spectrum.
III. END ORGAN DAMAGE IN SEPSIS
Virtually every organ in the body may be damaged in the septic response, and one of the recognized complications of sepsis is MODS. FIGURE 1 briefly lists the major organs that may suffer injury in septic patients. Discrete organ injury also occurs, although it may be difficult to separate direct, primary injury from damage secondary to poor perfusion.
A. Kidney
Acute kidney injury (AKI) is defined as an absolute increase in serum creatinine ϭ1.5-fold from baseline or a urine output of Ͻ0.5 ml·kg Ϫ1 ·h Ϫ1 for 6 h (294). One study showed that in 64% of septic patients, the development of septic AKI is associated with a significant increase in 90-day mortality compared with septic patients without AKI (58 vs. 35%) (26) . The severity of AKI is classified using the Risk, Injury, Failure, Loss, and End-stage renal disease (RIFLE) criteria listed in TABLE 2. Kim et al. (187) found that RIFLE class on admission was not a predictor of 28-day mortality in septic patients, but the maximum RIFLE class reached during their stay in the ICU was associated with increased mortality (risk: 17.2%, injury: 30.9%, failure: 37.1%) (187) .
The primary pathological process behind septic AKI is acute tubular injury (ATI). ATI is characterized by renal tubular cell death throughout the nephron (221) . Histologically, the septic kidney shows interstitial edema, detachment of tubular epithelium, and shedding of necrotic cells into the tubular lumen. In sepsis, the kidney is subjected to ischemia, inflammatory cytokines, and both local and circulating damage-associated molecular pattern molecules (DAMPs) resulting in widespread tubular cell apoptosis (153, 221, 334) . Increased TNF-␣ signaling, GSK3␤ activation, and TLR-4 activation in tubular cells have been found to be the main mediators of ATI in sepsis (153, 334) .
B. Cardiovascular
Cardiovascular changes commonly seen in sepsis are tachycardia, hypotension, and reduced cardiac ejection fractions (216, 221) . Pathologically, the septic myocardium shows some apoptotic myocytes and mononuclear cells in the interstitium (221) . These changes, however, are usually mild and do not persist after recovery. Studies in rodent models have shown that, during sepsis, the myocardium enters a state of hibernation characterized by low oxygen demand and contractility (216) . This hibernation may prevent more serious damage to the myocardium while also accounting for the observed physiological dysfunction in septic patients.
C. Pulmonary
Sepsis is the second most common cause of acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) (299) . ALI is defined as the presence of bilateral pulmonary infiltrates on chest radiograph and arterial hypoxemia (Pa O 2 /FI O 2 ϭ300). If the Pa O 2 /FI O 2 ratio drops below 200, the condition is classified as ARDS (235, 299) . The pathological process underlying this sequence is diffuse alveolar damage (235) . Diffuse alveolar damage begins with increased lung vascular permeability due to neutrophil accumulation and degranulation in the pulmonary capillaries (299) . This allows fibrin-rich edema fluid, red blood cells, and neutrophils to enter the alveoli. In sepsis, bacterial products and inflammatory cytokines in the circulation ac- tivate the neutrophils (235) . Inflammatory mediators and proteases damage the alveolar epithelium and denude the alveolar basement membrane (221) . The dead cells and exposed collagen result in fibrin deposition forming hyaline membranes within the alveoli that further impede gas exchange and serve to activate alveolar macrophage production of proinflammatory cytokines and chemokines including IL-1, IL-6, TNF-␣, and IL-8 (235, 299) . Coupled with inactivation of surfactant, these alterations collapse the alveoli and thus compromise pulmonary function. This pathology can either resolve through regeneration of type II alveolar epithelial cells and endothelial remodeling or through interstitial fibrosis (221) . Of these outcomes, interstitial fibrosis may result in long-term impairment.
D. Hepatic
In sepsis, hepatic injury is the result of both extrahepatic (primary dysfunction) and intrahepatic (secondary dysfunction) factors. Primary dysfunction results from decreased hepatic arterial blood flow from septic shock, and it is termed primary because it is the first event to occur (80) . Poor hepatic microcirculation can induce acute cellular and mitochondrial injury with associated decreases in enzymatic function and protein synthesis (80, 366) . This is reflected in acutely elevated transaminases, severe hypoglycemia, and decreased production of coagulation factors which is discussed later in more detail. When perfusion is restored, these issues usually improve. Secondary dysfunction occurs at the cellular level within the liver. Kupffer cells, responsible for the clearance of circulating bacterial products and inflammatory cytokines, are damaged during the primary dysfunction stage and are unable to sufficiently detoxify the inflammatory molecules (80) . This results in a spillover of bacterial products and cytokines into the liver parenchyma which may damage hepatocytes and sinusoidal endothelium. Increased neutrophil infiltration into damaged endothelium causes widespread centriacinar necrosis (221, 366) . These changes reduce hepatobiliary transport resulting in cholestasis (353a). Some bacterial products can also defenestrate the sinusoidal endothelium decreasing lipid uptake from the circulation manifested clinically by hyperlipidemia and hepatosteatosis (62) .
E. Adrenal
Septicemia induces the release of corticotropin releasing hormone (CRH) and subsequently adrenocorticotropic hormone (ACTH) resulting in high-level production and release of cortisol from the adrenal cortex (228) . Sustained cortisol production can deplete the adrenal cortices of lipids compensated by adrenal hyperplasia (221, 228) . In some cases, high ACTH levels increase adrenal blood flow, but simultaneously high catecholamine levels can constrict venous drainage of the cortices (214, 228) . This imbalance in supply and outflow can result in bilateral adrenal hemorrhage with an associated severe adrenal insufficiency known as Waterhouse Friderichsen syndrome (214) . Pathologically, these adrenals show arteriolar thrombosis and frank parenchymal hemorrhage (221) . Impaired adrenal function in sepsis significantly decreases cortisol production and release. Cortisol works in combination with catecholamines to mediate systemic vascular resistance and cortisol deficiency can serve to perpetuate hypotension in septic shock.
F. Neurological
Sepsis-associated encephalopathy occurs in up to 87% of septic patients. This consists of alterations in mental status ranging from mild confusion to delirium or coma, motor rigidity, and polyneuropathy with cognitive deficits continuing up to years after recovery (205, 436) . Reductions in cerebral blood flow, cytokines crossing the blood-brain barrier, and glutamate excitotoxicity all contribute to these manifestations (142, 436) . Increased abnormality of electroencephalogram readings has been shown to be directly related to mortality in septic patients (449) .
IV. EFFECTS OF AGE, GENDER, AND COMORBIDITIES
A. Effects of Age
The incidence of sepsis is disproportionately higher in elderly patients, and age is an independent predictor of mortality. An observational study of more than 10.4 million adult septic patients in the United States (U.S.) examined the effects of age in sepsis over a 24-yr time period. Elderly patients, age 65 yr and older, comprise only 12% of the U.S. population but represent ϳ65% of sepsis cases, i.e., a relative risk of 13 compared with younger individuals (234) . Age was found to independently predict mortality in an adjusted multivariable regression with an odds ratio of 2.26. Elderly patients are also more likely to have comorbid medical conditions. Compared with younger patients, elderly sepsis patients die at an earlier time point during hospitalization, and elderly survivors more often need skilled nursing or rehabilitation after discharge (234) . A 2012 multicenter study confirmed that increased age is a significant risk factor for sepsis mortality (90) . As the U.S. population ages, the incidence of sepsis is expected to rise, further increasing costs to the healthcare system. Adult sepsis is the focus of this discussion, but neonatal sepsis and associated immune system deficiencies have been previously reviewed by Wynn et al. (443) .
Immune dysregulation and other etiologies for worse prognosis in the elderly
Older age is likely a risk factor for mortality due to its association with immune system dysregulation, potential malnutrition, increased comorbidities, nursing home exposure to resistant pathogens, and increased dependency on invasive medical devices. Elderly patients are often immunologically impaired (243) , making them more susceptible to infection and its subsequent complications. This increased susceptibility occurs even though fundamental features of the innate immune response, including neutrophil and natural killer cell activity, remain essentially intact even in those individuals 100 years and older (132) . The infectious response also appears to trigger normal expression of proinflammatory cytokines such as IL-6, TNF-␣, interferon (IFN)-␥, as well as chemokines (140, 229 ). Yet, the adaptive immune system is significantly weakened (141) with evidence of abnormal B-and T-cell function in older patients (243, 423) . The total T-cell repertoire decreases with age, and there is a relative paucity of helper T-cell function, particularly with CD8 ϩ , which is a significant problem for effective B-cell functions (87, 122) . Costimulatory molecule expression, which is crucial to B-and T-cell communication, is also impaired in the elderly, causing a weakened antibody reaction to invasive pathogens (118) .
Malnutrition is frequently seen in the elderly as a result of factors such as inactivity, poor mobility, reduced or restricted diets, chronic disease, dementia, depression, poor dentition, and polypharmacy (181) . Comorbidities in elderly patients were increased twofold as illustrated by one study (233) . Another sepsis trial showed that patients Ͼ75 years of age had higher rates of comorbidities compared with younger patients (96) . Elderly patients in long-term care facilities are exposed to bacterial flora that has a higher level of antibiotic resistance than that seen in the community (267, 312) . These individuals have higher rates of respiratory infections due to oropharyngeal colonization with gram-negative organisms, as well as a depressed cough reflex and mucociliary clearance (398) . Invasive medical devices such as indwelling urinary catheters, feeding tubes, and venous catheters are commonly required and increase the risk of infection in elderly patients. The intrinsic barriers of innate immunity are interrupted, providing increased access for pathogens (181, 224, 312) .
Older patients may also have an uncharacteristic response to sepsis and present with a change in mental status thereby delaying treatment that may influence their outcome. An age-associated decline in renal function, less lean body mass, and poor hepatic blood flow from shock can substantially alter the pharmacokinetics of antimicrobial agents in older patients with sepsis (236) . Closer dose adjustments and monitoring of serum drug levels may be necessary for certain medications in this older septic patient population to mitigate adverse outcomes.
B. Gender Differences
Experimental animal data show females have an inherent survival advantage in polymicrobial sepsis (89, 452) , but gender outcomes in human clinical studies are more varied and lack consensus (68, 92, 170) . Higher, lower, and equal mortality rates are all reported in gender comparisons. In a prospective, observational clinical trial, Nachtigall et al. (259) demonstrate that if women develop sepsis, they have an increased mortality (23%) compared with men (14%). Vincent et al. (411) also showed, in their European multicenter cohort, higher mortality for women with sepsis than for men. In contrast, a prospective study by Schroder et al. (342) demonstrated a significantly better prognosis for women, which was associated with increased levels of antiinflammatory mediators. The hospital mortality rate was 70% in male versus 26% in female patients. In a 2007 study of patients greater than 50 years old with severe sepsis, women had a lower risk of hospital mortality than men with an adjusted odds ratio 0.75 (7) . Differences in genderbased findings in septic humans may be attributed to various mechanisms including the effects of sex hormones (103), sex-related gene polymorphisms (170) , and disparities in healthcare intensity with men receiving more invasive interventions in the ICU setting (399) . Although debated for over a decade, it remains controversial in the literature as to whether female or male gender is a predisposing factor in human sepsis mortality.
C. Comorbidities
A patient's comorbidities are also important determinants of outcome in sepsis (190) . Risk factors for mortality include coexisting conditions such as immune suppression, cancer, HIV/AIDS, hepatic failure, and alcohol dependence (14, 74, 191, 233, 273) . Conditions that suppress the host immune response such as cancer and HIV/AIDS, as well as immunosuppressant medications are common among patients with sepsis. A global registry of over 12,000 individuals revealed the characteristics of severely septic patients from 37 nations (232) . A large proportion of the patients had comorbidities, particularly diabetes (23%), chronic lung disease (17%), active cancer (16%), congestive heart failure (14%), renal insufficiency (11%), and liver disease (7%). Septic elderly patients are seen to have an increased incidence of preexisting medical problems, compared with the nonelderly adult population, with cancer, liver disease, renal insufficiency, and chronic obstructive pulmonary disease (COPD) being more prevalent (14) . TABLE 3 provides a list of important comorbidities that impact the pathophysiology in sepsis.
The mechanisms and effects of each comorbidity are incompletely understood, but some insight is available. Diabetic patients have a variety of immune defects such as reduced cell-mediated immunity and phagocytosis. The disease predisposes individuals to serious bloodstream infections (364) and the risk of sepsis-related organ dysfunction. Preclinical studies demonstrated that diabetic mice dying from acute sepsis failed to generate a systemic cytokine response (286) .
Compared with severe sepsis patients with euglycemia, diabetic patients are less likely to develop respiratory failure, but more likely to suffer from renal failure (101) . Cancer patients are at increased risk for developing sepsis as a consequence of multiple mechanisms of immunosuppression due to the disease process itself and aggressive treatments. Included in these therapies are combined regimens of chemotherapy and radiation therapy, high-dose glucocorticoids, and stem cell transplantation (74, 378) . Additionally, critically ill patients with cancer who become septic have a longer duration of both ICU and hospital stays than other septic patients, requiring greater utilization of healthcare resources (434) .
Hepatic impairment also increases susceptibility to sepsis. In alcoholic cirrhosis, patients have impaired neutrophil phagocytosis and intracellular killing (313) . Multiple organ failure is common in patients with cirrhosis and severe sepsis with excessive proinflammatory cytokine production likely playing an important role. Sepsis in cirrhotic patients may rapidly worsen baseline liver function, causing acuteon-chronic hepatic failure; increase the risk of ARDS and hyperdynamic circulatory failure; and interfere with the coagulation cascade with compromised hemostasis (145) .
V. COAGULOPATHY IN SEPSIS
Disseminated intravascular coagulation (DIC) is an independent predictor of mortality in patients with sepsis and severe sepsis with shock. Multiple studies have shown that the severity of DIC is directly related to increased mortality (117, 211, 412) . DIC is not a specific disease, but its presence underlies many diseases of grave consequence including sepsis, malignancy, autoimmune disorders, and liver diseases. DIC may also arise as a result of trauma, surgery, complicated pregnancy, or snake bites. DIC in sepsis is characterized by systemic activation of procoagulant mechanisms, loss of anticoagulant capability, and impaired fibrinolysis. Conditions that injure endothelium, activate platelets and monocytes, and compromise fibrinolysis result in inappropriate microthrombi formation within the microvasculature, contributing to ischemic injury and development of multiple organ failure. It is a dynamic process with consumption of platelets and coagulation factors that may paradoxically result in high risk of clinical bleeding.
Exposure of extravascular tissue factor to blood components or via circulating microparticles from apoptotic cells (268) triggers the extrinsic and physiological coagulation pathway (FIGURE 2) that supports activation of factor X and assembly into the prothrombinase complex (factors Xa and Va, calcium) on anionic phospholipid cell surfaces. Bacterial surfaces can support the intrinsic coagulation pathway for factor XII activation and has been observed in children with meningococcemia and septic shock (441) . Both initiating pathways result in factor Xa generation, and the prothrombinase complex proteolytically activates prothrombin to ␣-thrombin, the serine proteinase that selectively removes two fibrinopeptides from fibrinogen to create the aggregative fibrin. Platelets are incorporated into the developing clot, and the mesh is cross-linked and stabilized by factor XIIIa. Adhesive platelet-neutrophil interactions also promote local neutrophil disgorgement of DNA fibers and antimicrobial, proinflammatory histones, the neutrophil extracellular traps (NETs) that further stabilize the mesh (123) . A robust fibrinolytic response, as measured indirectly by elevated fibrin degradation products (FDP) or D-dimer levels, is necessary to lyse the clots, and insufficient fibrinolysis is associated with multiple organ failure in patients (21) .
A. Diagnosing DIC
Not all sepsis patients develop coagulation abnormalities, but many do, and the severity varies widely from mildly prolonged clotting times to fulminant overt DIC with consumption of coagulation factors, fibrinogen, and platelets. Although a diagnosis of DIC might appear straightforward, Reference numbers are given in parentheses. Subsequent reactions repeat a simple amplification unit: a cofactor (green) binds an enzyme (red) on a phospholipid surface (lime green). This assembled trimeric complex binds a circulating zymogen precursor (yellow) so that the complexed enzyme can cleave and activate it. A new enzyme is created, and this is incorporated into the next amplification unit for activation of the next zymogen precursor. Each step requires calcium (factor IV), and activated platelets provide the majority of the phospholipid surfaces needed. By this mechanism, the prothrombinase complex (factors Xa, Va, phospholipid) cleaves prothrombin (factor II), releasing fragment 1.2 and creating thrombin. Thrombin removes fibrinopeptides A and B from fibrinogen, which creates fibrin. The fibrin monomers aggregate and are cross-linked into an insoluble fibrin mesh. This provides surfaces necessary for the fibrinolytic pathway, another set of activators and enzymes that cleave the clot and release clot fragments (fibrin degradation products, FDP; D-dimer) into the circulation. Thrombin is pluripotent, acting as a coagulation enzyme, a mitogenic growth factor, and a proinflammatory mediator. Thrombin activates protease-activated receptors (PARs) on platelets and endothelial cells to propagate inflammation signaling. Many feedback loops in the coagulation cascade fine-tune clot formation to serve the needs of the immediate environment. In a patient with severe sepsis and DIC, uncontrolled coagulation results in consumption of coagulation factors and platelets, which paradoxically create a bleeding risk and considerable therapeutic challenges.
it is in fact deceptively complicated, and it has only been in the past decade that a standardized definition and simple clinical scoring system for DIC was introduced (376) and validated (28, 383, 415) . A Subcommittee on DIC organized within the International Society of Thrombosis and Haemostasis (ISTH) proposed diagnostic criteria for a DIC diagnosis and presented an algorithm for scoring DIC severity based on commonly used clinical tests (FIGURE 3) (376) . It was based on an earlier scoring system developed by the Japanese Ministry of Health and Welfare (JMHW), whose efforts were among the first to standardize the diagnosis of DIC, and this scoring system is still used in Japan is the number of seconds required for a clot to form, starting from the extrinsic pathway's amplification unit of tissue factor ϩ VIIa ϩ phospholipid. To obtain a PT, exogenous thromboplastin is added to citrated plasma as a source of tissue factor and phospholipid, calcium is added, and the time to clot is measured. PT results are usually reported as an international normalized ratio (INR) value, which permits comparison of values from different laboratories and different thromboplastin preparations. The activated partial thromboplastin time (APTT) is the number of seconds to make a clot starting from the intrinsic contact activation pathway. It is a "partial" clotting time because tissue factor is not present. A variety of immunoassays are available that measure products of coagulation or fibrinolysis. These are less commonly used clinically but still have great value. These assays include quantification of prothrombin fragment 1.2 (F1.2) generated during limited proteolysis of prothrombin to thrombin, the inactive thrombin-antithrombin complex (TAT), fibrinopeptide A (FPA) released during formation of fibrin, and pieces of cross-linked fibrin released during fibrinolysis of the clots (fibrin degradation products, FDP; D-dimer). (192) . The ISTH algorithm sought to distinguish nonovert DIC (where anticoagulant therapy would be beneficial) from overt DIC (bleeding risk) using a 1-5 severity score and universal clinical parameters. The ISTH DIC score has been validated and added significant prognostic value to the Acute Physiology and Chronic Health Evaluation (APACHE II) system (11) . Identifying patients at risk for increasing coagulation abnormalities who would benefit from early intervention is a clinical priority and was addressed by the ISTH approach. A newer scoring algorithm has been proposed by the Japanese Association of Acute Medicine (JAAM), which appears to be sensitive for diagnosis of early DIC (127) .
A recent 3-yr prospective study of 413 DIC patients compared the three scoring systems at admission (JMWH, ISTH, JAAM; TABLE 4) which use the same tests but with differing cut-off values (373) . There were individual diagnostic strengths (JAAM, highest sensitivity overall and in septic patients; ISTH highest specificity for DIC) and collective weaknesses. None of the three systems was particularly good for diagnosis of DIC in trauma/burn patients, and all of them failed to diagnose late-onset DIC that occurred within 1 wk of admission. Despite these weaknesses, the three systems represent enormous progress over the last decade in forming internationally recognized consensus criteria for DIC diagnosis, without which anticoagulant clinical studies with sepsis patients were difficult and chaotic. Refinements to the scoring systems have considered evaluation of coagulation biomarkers such as antithrombin (93), or soluble thrombomodulin and protein C (416) , to improve patient stratification and identification of those with non-overt DIC.
B. Targeting Coagulopathy in Sepsis
The paucity of evidence from well powered, randomized, placebo-controlled clinical trials to evaluate treatments for DIC gives rise to the cornerstone for treatment of DIC in sepsis patients, which is to treat the underlying disease, not the DIC (81, 213) . This is due in part to the ongoing, but hopefully resolving, difficulties with internationally accepted diagnostic criteria as discussed above. Administration of fresh frozen plasma, platelet concentrates, or heparin is appropriate in some situations, but the risk of bleeding complications requires careful monitoring (213) . Development of antithrombotics for sepsis patients with DIC was significantly hindered due to lack of consensus for diagnostic criteria for DIC. The three scoring systems shown are from the Japanese Ministry of Health and Welfare (JMHW), the subcommittee on DIC with the International Society of Thrombosis and Haemostasis (ISTH), and the Japanese Association of Acute Medicine (JAAM). The JMHW scoring system was the first to standardize the diagnosis of DIC. The ISTH system has the greatest specificity, is simplest to use, and has been validated in multiple clinical trials. The JAAM system is most sensitive for diagnosis of early DIC. *If hematologic malignancy, 0 point for Bleeding and Platelet and add 3 points to the total score Theoretically, blocking thrombin or tissue factor activity is a sensible approach to the problem of rampant coagulation in severe sepsis, but to date, all efforts have been unsuccessful. There was some indication that antithrombin may be effective in subgroup analyses (KyberSept trial), but subsequent study of 20 antithrombin trials shows no survival benefit of antithrombin (8) . Similarly, tissue factor pathway inhibitor (TFPI) was ineffective in a phase III double-blind, placebo-controlled trial of 2,138 patients with severe community acquired pneumonia (442) . While TFPI anticoagulant activity was reflected in reduced F1.2 and TAT levels (FIGURE 3), there was no survival benefit.
Another sensible approach is to target the coagulation cofactors factors Va and VIIIa, since these are the molecules primarily responsible for amplified production of thrombin. This is precisely the responsibility of the protein C pathway members. Circulating protein C zymogen binds to the endothelial protein C receptor (EPCR), which then presents it to a heterocomplex of thrombin bound to thrombomodulin (CD141), a transmembrane receptor and cofactor (FIGURE 4). When thrombin is in this complex, it cleaves protein C to activated protein C (aPC; Refs. 124, 361), the serine proteinase that degrades factors Va and VIIIa by limited proteolysis to effectively stop thrombin production (230) . Until recently, recombinant activated protein C (drotrecogin alfa, activated; Xigris) was approved for use in patients with severe sepsis and multiple-organ failure. However, a limited survival benefit with increased bleeding risk (420), lack of effect in septic children (260) , and lack of benefit in patients with severe sepsis but low risk of death (4) tempered enthusiasm. A recent industry-sponsored (Eli Lilly) study of 1,696 patients with septic shock (PROWESS-SHOCK) showed no difference in 28-day all-cause mortality with Xigris treatment compared with placebo-treated patients (26.4% in the drug arm vs, 24.2% in the placebo arm). Even though there was no increased bleeding risk (1.2 vs. 1.0%), the company withdrew the drug from the market (October 2011) and suspended all associated clinical trials. The results of a recent clinical trial in adults with septic shock showed that drotrecogin alfa did not improve survival at either 28 or 90 days (314).
Manipulation of the protein C pathway remains an attractive target to alter coagulation because many studies have shown that protein C levels decline during the septic response, presumably due to consumption, and this correlates with poor outcome. To reduce the problem of increased bleeding risk with activated protein C, soluble thrombomodulin is being developed as adjunctive therapy. Recomodulin (ART-123; Asahi Kasei, Japan) is a recombinant human-soluble thrombomodulin-␣, which retains its ability to bind thrombin and activate protein C, albeit at a slower rate than its endogenous membrane-bound counterpart (262) . It was successful in an industry sponsored multicenter, randomized phase III trial of 231 DIC adult patients (JMHW criteria) with malignancy or infection (338) . Compared with low-dose unfractionated heparin, Recomodulin was superior for resolving DIC symptoms (66.1 vs. 49.9%).
Although the patient population with infection or sepsis was not well defined in this study, there was a trend in this population towards a lower mortality rate (6.6%) in the Recomodulin group compared with heparin (reduction in relative risk of death ϭ 19.1%) with no differences in adverse events. A small independent study of 65 patients with severe sepsis and overt DIC (ISTH criteria) who required ventilator support showed that 28-day mortality was lower in patients treated with standard therapy and recombinant human soluble thrombomodulin (rhTM; n ϭ 20) compared with patients receiving only standard therapy (n ϭ 45) (adjusted hazard ratio, 0.303; 95% confidence interval, 0.106 to 0.871; P ϭ 0.027) (447) . Patients received 0.06 mg·kg Ϫ1 ·day Ϫ1 rhTM for 6 days with resolving SOFA scores by day 1 compared with controls. There were no differences in C reactive protein or recovery of platelet counts from controls, but possibly a faster decline in the fibrinolytic marker FDP.
A slightly different approach uses recombinant soluble thrombomodulin engineered with point mutations to enhance resistance against proteases and oxidation, Solulin (sothrombomodulin alpha; Paion AG). At low doses, circulating thrombin-soluble TM complex slows fibrinolysis by activating thrombin activatable fibrinolysis inhibitor (TAFI) and permitting clot stabilization (114) , whereas at higher concentrations it preferentially generates activated protein C which is anticoagulant, profibrinolytic, and cytoprotective (251, 252, 446, 448) . Consequently, low-dose Solulin is in phase Ib trials for cotreatment with factor VIII in hemophilia patients to prevent premature breakdown of clots needed to support hemostasis. Solulin was shown to be safe in healthy adult volunteers (intravenous bolus, 0.6 -30 mg) without adverse events (402) . While protective in rat venous or arterial thrombosis and stroke models (357, 368) , Solulin has not been studied in DIC or sepsis models.
Reduced fibrinolytic capacity contributes to the severity of DIC and multiple-organ failure leading to continuing efforts to find ways to lyse clots more efficiently. TAFI is a procarboxypeptidase activated by plasmin, the thrombin-TM complex, and trypsin-like enzymes to remove exposed terminal lysines from fibrin which are needed for plasmin formation. A recent study from Buelens et al. (51) provides a novel approach to inhibiting TAFIa and promoting fibrinolysis using nanobodies. A nanobody is a singlechain monomeric antigen-binding immunoglobulin, naturally devoid of light chains, found uniquely in camelids (llama, alpaca, and Bactrian camels) (150) . Nanobodies from an alpaca immunized with TAFIa showed broad specificity and sensitivity for functional inhibition of TAFI activation and good penetration into the clot (51) . The small size of nanobodies (15 kDa) with relatively low immunoge- , and factor Xa (shared by intrinsic and extrinisic pathways). Tissue factor pathway inhibitor (TFPI) blocks the tissue factor pathway. The protein C pathway minimizes factors VIIIa and Va activities. This pathway on endothelial cells is responsible for making the activated protein C (APC) enzyme by the combined efforts of the endothelial protein C receptor (EPCR), thrombin, and thrombomodulin (TM). In concert with protein S (PS), activated protein C cleaves cofactors VIIIa and Va which slows clotting by orders of magnitude. APC also activates PAR-1, initiating signaling pathways that contribute to endothelial barrier protection. Antithrombin is the primary natural inhibitor of thrombin, but it also has broad specificity for several coagulation enzymes including factors IXa and Xa. Antithrombin activity is accelerated orders of magnitude by heparin and becomes a specific of factor Xa in the presence of low-molecular-weight heparin. Hirudin, originally derived from leech salivary glands and now available as a recombinant peptide, is a specific inhibitor of thrombin. The new chemical anticoagulants target factor Xa, at the junction of both arms of the coagulation cascade.
nicity has made them of interest in imaging applications as targeted probes for difficult to reach locations, such as tumors (404, 405) . A humanized therapeutic nanobody against von Willebrand factor appears to be a safe and effective antiplatelet antithrombotic in coronary patients undergoing percutaneous coronary intervention (394, 403) . Whether nanobodies will be pursued as therapeutics in sepsis or DIC remains to be seen, but there is great potential in this immune approach to manipulating inflammatory and prothrombotic mediators.
VI. ENDOPLASMIC RETICULUM STRESS RESPONSES IN SEPSIS
There are an estimated 10 10 -10 14 proteins in existence with ϳ4 ϫ 10 4 distinct domains that contribute to functional diversity and cell survival (53) . In eukaryotes, synthesis, maturation, and folding of these proteins occur in the endoplasmic reticulum (ER) using regulated pathways responsible for proper folding, posttranslational modifications, and distribution. The ER also has the highest cellular content of calcium, it contributes to lipid biosynthesis, and its oxidative environment is essential for disulfide bond formation. Cellular stresses due to hypoxia, infections, chronic or acute inflammation, or even aging will lead to accumulation of misfolded or aggregated proteins in the ER which will activate the unfolded protein response (UPR). Activation of the UPR was confirmed in hemorrhagic shock (91), endotoxic shock (195) , hypoxia (379) , and in septic mice (223) . The UPR is an evolutionarily conserved response that provides resources for the cell to clear out misfolded proteins by shuttling them toward ubiquitin-proteosome degradation (ERAD), or in the face of overwhelming stress, to direct the cell to undergo apoptosis (371) . This adaptive response stops new translation while upregulating transcription of molecular chaperones needed to assist in removing and redirecting the misfolded proteins to resolve the defect (440) .
Under healthy nonstressed conditions, abundant binding immunoglobulin protein/78 kDa glucose-regulated protein (BiP/GRP78) binds to the luminal domains of three key ER sensor proteins and keeps them in an inactive state (FIGURE 5). When unfolded proteins are sensed in the ER lumen, the BiP chaperone dissociates (possibly via interactions with the misfolded proteins) and the sensor proteins initiate a series of phosphorylation and translocation events along their respective pathways that result in the UPR and the cell's path toward protein homeostasis or apoptosis. The molecular and regulatory mechanisms involved are described in comprehensive detail elsewhere in reviews specific to ER stress responses and the UPR signaling cascades (244, 418, 454) , and are discussed here only to provide context for sepsis. The three sensor proteins held inactive by BiP are protein kinase RNA (PKR)-like ER kinase (PERK), activating transcription factor-6 (ATF-6), and inositol-requiring protein-1 (IRE1). When PERK is released, it homodimerizes and phosphorylates the ␣-subunit of eukaryotic translation initiation factor-2␣ (eIF2␣) which proceeds to inhibit assembly of the 80S ribosome and stop protein synthesis. Since there are already excess misfolded proteins, this pathway effectively halts additional production. In the early stages of infection, Mycobacterium tuberculosis takes advantage of this pathway by limiting eIF2␣ phosphorylation to promote intracellular survival (218) . Yet there is still need for selective upregulation of certain mRNAs, such as heat shock proteins and other transcription factors, to provide the machinery necessary to repair the cell. For this purpose, ATF4 (CREB-2), a member of the AP-1 family and a key transcription factor, is upregulated as a result of eIF2␣ phosphorylation and targets genes necessary for amino acid metabolism, redox control, and apoptosis (337) . A second key ER sensor is ATF6, a basic leucine zipper transcription factor, released from the ER membrane to translocate to the Golgi where it undergoes limited proteolysis and activation, and further migration to the nucleus to initiate transcription of genes need for the UPR response, including more BiP. Finally, when BiP dissociates at the luminal surface, IRE1 homodimerizes and autophosphorylates which releases its RNase activity. It removes an intronic sequence from the mRNA of X-box binding protein, creating a frame shift and a highly active transcription factor (spliced XBP1). The parallel pathways of these three key sensors are reasonably distinct, but they do overlap and coordinate functionally (208) . The combined efforts of ATF4, activated ATF6, and spliced XBP1 induce transcription of the genes for chaperones, folding enzymes, and signaling molecules needed by the cell to clean out the defective proteins. However, the insult to the cell may be sufficiently severe or chronic such that none of these attempts to restore balance is successful. In this case, the UPR directs the cell to undergo apoptosis, mediated largely by upregulation of CHOP (CCAAT/ enhancer-binding protein; GADD153) expression, a transcription factor which is well downstream of the three key ER stress sensors. In this way, the cell is either restored to homeostasis or selectively removed to maintain overall integrity.
A. CHOP Activities: Friend or Foe?
When CHOP translocates to the nucleus, it upregulates expression of proapoptotic molecules (e.g., TRB3, DR5, BIM, GADD34), downregulates anti-apoptotic Bcl-2, and promotes mitochondrial damage, cytochrome c release, and caspase activation (371) . Apoptosis, particularly of immune cells, is a prominent pathological alteration observed during the septic response, and anti-apoptotic therapies can rescue mice from peritoneal and respiratory sepsis induced by bacteria (25, 164, 177, 179) . While mechanisms responsible for caspase activation and mitochondrial dysfunction leading to cell death are well studied in sepsis models, much less is known about contributions of ER stress pathways. In . Endoplasmic reticulum stress responses. Under conditions of homeostasis and equilibrium, abundant BiP/GRP78 chaperone complex (shown in blue) is in contact with the three major membraneassociated sensors of the unfolded protein response: PERK, IRE1␣, and ATF6. During sepsis, when a cell is injured and stressed, unfolded proteins accumulate in the endoplasmic reticulum (ER) lumen and bind to BiP, preventing BiP interactions with the membrane sensors. Once released from negative regulation, the three modulators initiate individual pathways that result in generation of transcription factors. Phosphorylated PERK activates and phosphorylates eIF2␣ which inhibits assembly of the 80S ribosome and generates ATF4 for gene transcription. IRE1␣ homodimerizes and autophosphorylates, releasing its RNAse activity to generate spliced XBP1 for nuclear translocation and transcription. ATF6 undergoes limited proteolysis and activation in the Golgi, eventually moving to the nucleus to stimulate target genes. The combined and interacting sensor pathways provide the necessary molecules to repair the cell or, in the face of overwhelming stress, to initiate apoptosis by upregulating CHOP. Inhibitors of ER stress (red boxes) including activated protein C (APC), an anticoagulant, and cytoprotective enzyme target the sensors or block CHOP expression.
the murine (CLP) sepsis model, splenic lymphocytes undergo extensive apoptosis, and the activation of UPR pathways was observed with upregulated BiP and CHOP expression, and activation of IRE1 as monitored by formation of spliced XBP1 (223) .
CHOP also has activities other than promoting apoptosis, such as supporting inflammation. CHOP Ϫ/Ϫ mice have lower plasma TNF-␣ and IL-1␤, reduced caspase-11 activation, and preserved lung integrity after intratracheal challenge with LPS (endotoxin), although responses to a septic challenge were not examined (97) . CHOP expression also may be suppressed as a protective adaptive response under chronic ER stress conditions. Pretreatment of mice with low-dose endotoxin reduces apoptosis of splenic macrophages and suppresses CHOP expression via TLR4 signaling pathways that reduce transcription of ATF4 and its downstream target gene CHOP, despite normal functioning of the three key ER stress sensors (438) . Endotoxemia is not sepsis, however, so whether this crosstalk between TLR and UPR pathways contributes to defense of the host during infection with a pathogen is not known.
Unfortunately, manipulating ER stress responses to ease the septic condition may not be straightforward. Under hyperoxic conditions, CHOP may be a necessary protector because CHOP null (Ddit3 Ϫ/Ϫ) mice are more susceptible to oxygen-induced lung edema, with loss of barrier function and injury (219), the clinical corollary being patients with respiratory failure requiring supplemental O 2 . This protection apparently is independent of the UPR pathway with no change in BiP, no XBP1 splicing, and no PERK phosphorylation and may be mediated by oxidative stress and a PRK kinase. Aging is a well-known contributor to sepsis severity (see section on comorbidities), and an age-related decline in proteasome activity leads to accumulation of misfolded proteins and ER stress in mice. Boosting the UPR and reducing negative UPR regulation in aged septic CLP mice with salubrinal 2 h after surgery enhanced eIF2␣ phosphorylation, restored UPR balance, and significantly increased the presence of peritoneal immune cells to clear bacteria and reduced plasma IL-6 levels at 24 h after challenge (39) . The observation that the very young mice (3 wk) had a better balanced UPR with lower NFB activation provides important insight into direct relationships between the UPR and inflammatory processes in the context of sepsis.
It is noteworthy that the IRE1 branch of the UPR is evolutionarily the oldest, and mammals have evolved two IRE1 isoforms: IRE1␣ is ubiquitously expressed, whereas IRE1␤ is restricted to the gastrointestinal and respiratory tracts (396) . The vast majority of work has been done with IRE1␣, so relative contributions of IRE1␤ are not well described. It is known that IRE1␤ contributes to regulation of lipoprotein assembly in intestinal CaCo-2 epithelial cells by suppressing mRNA of an ER chaperon (73) (261) . The intestines and lungs have evolved sophisticated defensive immune mechanisms to deal with repeated exposure to pathogens, environmental insults, and toxins, and the restricted tissue expression of IRE1␤ to intestinal and respiratory tracts may contribute to ER stress adaptations in these microenvironments. In this regard, it is interesting that restricted protection of the intestinal environment with epidermal growth factor protects mice from Pseudomonas-induced pneumonia (83).
B. Manipulators of ER Stress for Potential Clinical Benefit
Considerable effort has gone into restoring cellular proteostasis in lysosomal storage diseases (e.g., Gaucher, Tay Sachs) by manipulating the UPR so that proper protein folding is encouraged and providing pharmacological chaperones to stabilize folded proteins, even mutant proteins (29, 255) . Salubrinal, celastrol, indomethacin, and sodium salicylate affect the UPR pathways (46, 278, 425) and, as noted above, salubrinal stabilization of eIF2␣ phosphorylation was beneficial in the murine CLP sepsis model. These sites of stabilization are shown in FIGURE 5.
Given the anti-apoptotic and cytoprotective activities of activated protein C (see coagulation section), the recent report that activated protein C dampens ER stress responses in monocytes and protects them from oxidative stress and calcium efflux is interesting (384) . In the presence of ER stressors, activated protein C modulated responses from the key stress sensor pathways by reducing BiP/GRP78, eIF2␣ phosphorylation, and CHOP expression. It is not known whether the enzymatic activity of activated protein C was required or if the site of action was surface or cytosolic, but the effects were not dependent on known cell surface-expressed receptors (EPCR, PAR-1). Since ER stress responses participate in many diseases yet activated protein C has significant clinical drawbacks due to high bleeding risk, one could surmise that recombinant activated protein C with reduced anticoagulant but preserved cytoprotective activities (250, 253) might be beneficial for relieving ER stress in a variety of disease contexts, including sepsis.
The cardioprotective benefits of resveratrol from red wine (32) has a substantial following, both scientific and in the general media, and structurally related compounds appear to alleviate cellular ER stress and inflammation. F9 embryonic carcinoma cells sensitive to ER stress (Herp null) are rescued from tunicamycin, a potent ER stressor, with vaticanol B which is a resveratrol tetramer isolated from the stem bark of Vatica rassak (372) . This was accompanied by increased BiP/GRP78 expression, reduced CHOP expression, and stabilization of protein leakage from the ER, which collectively relieves ER stress. It also had anti-inflammatory effects as judged by reduced TNF-␣, nitrite, and prostaglandin E 2 production from LPS-stimulated RAW 264.7 cells.
Two chemical chaperones, 4-phenylbutyric acid (PBA) and tauroursodeoxycholic acid (TUDCA) (98) , are United States Food and Drug Administration (FDA)-approved drugs for humans that may be beneficial in a sepsis environment with ongoing apoptosis, tissue ischemia, and energy derangement. PBA is a small anti-apoptotic fatty acid that can cross the blood-brain barrier to exert chaperone activities in the central nervous system (176, 432) , and it protects against liver ischemia/reperfusion injury by downregulating ER stress and apoptosis (409) . TUDCA is a hydrophilic endogenous bile acid approved for treatment of primary biliary cirrhosis. TUDCA has anti-apoptotic activity by inhibiting Bax translocation and limiting mitochondrial-mediated caspase activation. Metabolic energy dysfunction is a prominent feature of the septic response, so it is notable that both PBA and TUDCA can reduce expression of ER stress markers and restore glucose uptake and insulin receptor signaling in peripheral tissues of the ob/ob murine model of type 2 diabetes (290). While there are good reasons to exercise caution when modulating pathways fundamental to all cells, the fact that manipulation of ER stress responses and the UPR in complex, multidimensional diseases such as diabetes, atherosclerosis, and neurodegenerative diseases provides positive outcomes suggests that the field of sepsis might benefit as well. Understanding these pathways in chronic situations has particular application in the study of sepsis, which has a complicated transition from acute to chronic phases.
VII. ACUTE VERSUS CHRONIC SEPSIS
Dividing sepsis into the acute and chronic stages solely by specific time points may be misleading and does not substantially contribute to our understanding of the septic response. In the clinical setting, this is primarily because the time of the onset of sepsis is often unknown. In patients diagnosed in the emergency department (ED), sepsis may have been progressing for a number of hours or days, and in those already hospitalized, it may have also have been initially undetected. The latter is especially common in patients with comorbidities and those recovering after major trauma/surgery. Given their already weakened immune system, patients with sepsis, even if diagnosed very early, may present with evidence of immunosuppression without generating a typical, exaggerated acute phase inflammatory response. In preclinical models, the time of sepsis onset is known, making it easier to identify the stage of sepsis.
Demographically, septic patients are typically over 50 years of age (14) , and the consensus is that a larger number of septic patients die in the late (chronic) stages of sepsis (3, 110, 111, 189, 292) . The latter is the consequence of the growing sophistication of the ICU care that typically keeps septic patients alive during the early (acute) stage of the disease. Thus, from the clinical perspective, one would expect that in a majority of septic patients late deaths will be heralded by distinct immunosuppression rather than overwhelming inflammation (161) . This creates a marked disparity between early phase-oriented studies and clinical reality of protracted sepsis.
A. Humoral Component
Historically, the prevailing belief has been that an initial bacterial (or an alternative microorganism) stimulus provokes an early SIRS, a spectacular inflammatory reaction, often referred to as "cytokine storm." This storm is characterized by a systemic release of inflammatory cytokines including IL-1, IL-6, TNF-␣, and IFN-␥ (55, 137) . This is indeed true in meningococcal sepsis (148) , and the magnitude of the cytokine release appears proportional to the preseptic immunoinflammatory status of an affected patient (the healthier the patient the more robust the response) (286, 401) .
Despite these papers, close examination of the sepsis milieu reveals a far more complex process. It was quickly noted that the acute SIRS concept is too narrow given that the "cytokine storm" is not a typical occurrence, especially in late sepsis as well as in those acutely septic patients with an already weakened immunoinflammatory system. In both these situations, the systemic release of inflammatory cytokines is either markedly lower (49, 326) , features a different marker composition (23, 77) , or shows the absence of selective cytokines (310, 414) . To classify those phenomena, in his landmark paper Bone (42) subjectively divided sepsis into two phases: the acute-phase SIRS versus the CARS in the chronic phase. The first phase of SIRS was classified by the presence of circulating TNF-␣, IL-1␤, and IL-6. The second phase of CARS was synonymous with a hypoinflammatory and immunosuppressive state that was classified by detectable concentration of IL-10 and increase in IL-1ra and TNF-soluble receptors. Additionally, a MARS was coined to reflect a temporary balance between SIRS and CARS when an acute (hyperinflammatory) SIRS gives way to chronic (hypoinflammatory) CARS. Oberholzer et al. (276) elegantly portrayed this concept as a linear transition of an early SIRS into the chronic CARS with possible alternating reoccurrences of both phases (via transitory MARS) during the protracted course of the disease (FIGURE 6). That same year Cavaillon (59) also published a graphical representation of patients in SIRS and CARS. The Oberholzer concept has been reproduced in numerous adaptations, yet it misinterprets key aspects of acute versus chronic responses. Relevant animal models (286, 287) demonstrated that regardless of outcome, acute (CLP) sepsis provokes a simultaneous release of both pro-and anti-inflammatory cytokines into the blood from the onset of the disease (FIGURE 7). The mixed response pattern in CLP mice has previously been observed in some septic patients (120, 148) and was corroborated by the most recent clinical evidence (271, 374) . Thus classification of SIRS and/or CARS contingent on the mere presence of either classical pro-or antiinflammatory mediators in the blood appears incorrect. Consequently, the concept of defining the patient's inflammatory status as either hyper-or hypoinflammatory by relying on the selection of circulating cytokines is also false: a septic subject with a high blood concentration of anti-inflammatory IL-10 and IL-1ra (thus meeting classical requirements for CARS), yet with a similarly robust release of IL-6 and TNF-␣ (fulfilling SIRS criteria) can be hardly defined as hypoinflammatory (and vice versa).
If the blood of an acutely septic patient is replete with both pro-and anti-inflammatory mediators, what are the humoral blueprints of the chronic phase? It has been suggested that as sepsis progresses, the concentration of anti-inflammatory mediators tends to predominate over the still present but markedly less pronounced proinflammatory component (75, 161) . This concept has been difficult to verify, especially in the clinical setting. Apart from the aforesaid difficulties with the temporal classification and confounding comorbidities, the multisource origins of sepsis further complicate any categorization attempt as they may produce divergent pattern/intensity of mediator release (133) . Interestingly, murine studies investigating late sepsis showed an outcome-independent presence of a relatively steady proinflammatory and anti-inflammatory equilibrium in the chronic phase (albeit at much lower magnitude compared with acute sepsis) (285, 287, 288) . Due to limited evidence, a clear characterization of humoral fluctuations in chronic sepsis is pending.
From the humoral standpoint (diagnostically most relevant) however, the mixed cytokine response pattern better matches the original Bone's criteria of the transitory MARS (42) rather than SIRS and/or CARS. This was subsequently formulated in the "Sepsis: Always in MARS" paradigm (283) that implies a constant equilibrium of pro-and antiinflammatory mediators in the blood over the course of sepsis. Thus a hyperinflammatory SIRS, typically present on the onset of sepsis, should be defined as a general ability of the host to generate a response with proinflammatory and anti-inflammatory mediators.
B. Cellular Components
The above is further complicated by yet another key variable: immunocompetent cells. The state of immunosuppression or immunoparalysis, closely dependent on the cellular functionality, is often associated with later and more chronic disease stages. In sepsis, however, numerous preclinical and clinical studies demonstrated that during the acute phase, manifestations typical of immunosuppression may be seen. In several studies cellular indicators of immunosuppression appear to coincide with the release of inflammatory cytokines of the acute sepsis period. This phenomenon has been attribute to the "compartmentalization" of the inflammatory response (59, 60) . Clinically, T-cell proliferation and production of IL-2 and TNF-␣ were most severely diminished in dying patients with postoperative intra-abdominal (154) and posttraumatic sepsis (304) , and these markers of immune dysfunction were observed at the onset of sepsis. In severe sepsis, decreased monocytic HLA-DR expression and reduced macrophage antigen presentation (82, 390) were simultaneous with systemic hyperinflammation and also were found at the very onset of the disease.
The process of immunosuppression should be viewed as concurrent with the hyperreactive release of proinflammatory cytokines. Prior to early deaths (FIGURE 8), cellular exhaustion develops rapidly and coincides with the pronounced (MARS-like) cytokine production and release. In turn, chronic deaths (FIGURE 9) are preceded by progressively severe dysfunction of cellular compartments and with the presence of MARS-like cytokine response. It is important to note that sepsis is acknowledged to be an extremely dynamic process, and there is considerable heterogeneity in the human response to infection. Therefore, it would not be surprising that in studies of the host response during sepsis, day 1 measurements of immune markers in one patient may not correspond to measurements taken in another patient resulting in a heterogeneity of data, thus making it potentially misleading to stratify patients into distinct groups based on the time of clinical presentation. From the perspective of the patient's immunoinflammatory status, allocation of sepsis as either hyper-and hypoinflammation strictly along the axis of time (i.e., into either acute or chronic phases) appears artificial. Given that all the components described above are virtually superimposable, septic hyperand hypoinflammation are better defined as function-dependent entities than the time-independent entities. Finally, their classification should be perhaps based on an overall capacity of a diseased host to respond rather than by the sheer presence of individual mediators/cells in the patient's plasma and/or exudative fluids.
Antigen presentation and the cellular response
Macrophage and dendritic cells are key participants in the evolution of the immune response through early detection of invading microbes and subsequent activation of other cells. However, studies indicate that many of these functions are compromised during sepsis. Monocytes isolated from animal models and patients with sepsis release lower amounts of proinflammatory cytokines when stimulated with Toll-like receptor ligands, suggesting that their capacity to sense and respond to new infections is impaired (6, 112, 220, 257) . In septic humans, the expression of HLA-DR is markedly decreased (174, 257) ; however, sur- The immunoinflammatory trajectory in a subject dying from the acute-type septic response. The scheme delineates immunoinflammatory fluctuations using the time of death as the reference point given that the time of the sepsis onset in patients is typically unknown. As the severity of sepsis progresses, the magnitude of the systemic pro-and anti-inflammatory cytokine response and cellular anergy increases. A prelethal immunoinflammatory status of a subject dying from acute sepsis is characterized by both a MARS-like cytokine profile (concurrent presence of both pro-and anti-inflammatory mediators in the blood) and distinct signs of anergy in the cellular compartment. An acute inflammatory response (hyperinflammation), although typically associated with early septic deaths, may occur at any chronological phase of the disease if a septic organism is sufficiently immunologically responsive. The scheme is largely based on data generated in the mouse model of CLP sepsis.
vivors demonstrate a significant recovery of HLA-DR expression compared with nonsurvivors (247, 248, 439) . It has also been found that peripheral monocytes isolated from septic humans and mice produce less IL-12 in response to stimulation ex vivo with TLR ligands than those from healthy controls, yet cells from patients that survive sepsis produce greater amounts of IL-12 than those from nonsurvivors. In contrast, levels of IL-10 are elevated in nonsurvivors relative to survivors (113, 359, 439) . In both experimental models and patients with sepsis, APCs demonstrate decreased capacity to stimulate the T-cell proliferative response compared with healthy controls (113, 227, 246) . These findings indicate that during sepsis there is a marked loss in the immune system's ability to detect microbes and appropriately activate other cells involved in the host response, and that reversal of these abnormalities may contribute to survival.
Role of CSMs in sepsis
There had been increasing interest in the role of costimulatory molecules (CSMs) in cell-cell communication during the host response in sepsis. CSMs expressed on APCs such as dendritic cells and macrophages participate in the regulation of T-cell activation through providing the essential "second signal" resulting in T-cell activation and proliferation, or anergy and apoptosis (136) .
The potential significance of costimulatory signaling pathways in the immune response during sepsis was highlighted after a clinical trial of a monoclonal agonist to CD28 (a CSM receptor on lymphocytes), during which humans that received the antibody developed a severe inflammatory response and clinical signs and symptoms typical of sepsis (369) . The B7 family is so far the best-studied group of CSM in sepsis. It includes CD80 and CD86 which induce T-cell activation via the CD28 receptor on lymphocytes, but are also able to provide a negative-feedback signal to limit proliferation via the CTLA-4 receptor. The expression of CD80 and CD86 differs during sepsis in humans. Initially CD80 on circulating monocytes is elevated relative to healthy controls, with higher levels associated with shock, suggesting a negative benefit of CD80, although there is no clear association with survival. Comparatively, CD86 is initially de- The immunoinflammatory trajectory in a subject dying from the chronic septic response. The scheme delineates immunoinflammatory fluctuations using the time of death as the reference point given that the time of the sepsis onset in patients is typically unknown. As the severity of sepsis progresses, the magnitude of the systemic pro-and anti-inflammatory cytokine response wanes and becomes erratic while the degree of cellular anergy increases. A prelethal immunoinflammatory status of a subject dying from the chronic-type septic response is characterized by a deteriorating but MARS-like cytokine profile (concurrent presence of both pro-and anti-inflammatory mediators in the blood) and robust signs of anergy in the cellular compartment. A chronic inflammatory response (hypoinflammation), although typically associated with late septic deaths, may also occur at an early chronological phase of the disease if a septic host is immunologically unresponsive. The scheme is largely based on data generated in the mouse model of CLP sepsis.
creased in patients with septic shock relative to healthy controls and patients with infection alone; however, recovery of CD86 expression is observed in survivors versus nonsurvivors (269, 270, 331) . Expression of the CSM CD40 on macrophages has been found to be necessary for effective phagocytosis of bacteria (346) . When T cells are activated, CD40L expression is increased, which upon binding to CD40 on APCs further upregulates expression of CD80 and CD86, as well as release of IL-12 promoting continued T-cell activation and differentiation. CD40 expression is increased on PBMCs in humans with sepsis with higher levels associated with shock (134). However, higher levels of expression have also been reported to correlate with survival, and mice who receive an agonistic anti-CD40 antibody have decreased lymphocyte apoptosis and improved survival in a double injury CLP/pneumonia (345) . PL-L1 and PD-L2 are CSMs that deliver inhibitory signals via the receptor PD-1, resulting in T-cell anergy and apoptosis. PD-L1-PD1 signaling has become a focus of research interest as a potential mechanism causing the prominent degree of lymphocyte apoptosis and dysfunction observed during sepsis (165) . PL-L1 expression on monocytes and PD-1 expression on lymphocytes are increased in both animal models and patients with sepsis and are associated with increased occurrence of secondary nosocomial infections (143, 456, 457) . PD-1 Ϫ/Ϫ mice subjected to CLP show a lower mortality and decreased inflammatory cytokine production and bacterial load, both systemically and locally in the peritoneum. (169) . In addition, administration of anti-PD-1 antibody to mice after onset of CLP-induced sepsis decreased lymphocyte apoptosis and improved survival (47).
Lymphocytes
Patients with sepsis undergo marked apoptosis of the CD4ϩ and CD8ϩ T and B lymphocyte populations. This has been found in all lymphoid organs including the spleen, thymus, lymph nodes, and gastrointestinal-associated lymphoid tissue (335, 382, 424) . The loss of immune cells is thought to be a significant contributor to the pathophysiology as reversal of apoptosis has been associated with improved survival in animal models of sepsis. Although it is not yet clear what are the specific triggers that cause this cell death, decreased antiapoptotic gene BCL2 expression and altered signaling by the costimulatory molecules CD40 and PD-1 are being investigated as possible etiologies (166, 345, 457) . Recent work suggests that B lymphocytes may also contribute to survival during sepsis through producing GM-CSF and/or type I interferon early during the innate immune response. In a CLP mouse model of sepsis involving depletion of mature B cells via anti CD20 or using MT Ϫ/Ϫ mice (in which B-cell maturation is arrested), a decreased production of IFN-I induced inflammatory cytokines and survival was observed. Survival and cytokine production were partially restored with adoptive transfer of wild-type B cells, serum from wild-type mice, or treatment with CXCL10, the IFN-I-inducible chemokine. Interestingly, mice in which B cells were unable to produce GM-CSF had a lower survival rate post CLP but conversely were found to have higher levels of IL-1␤, IL-6, and TNF-␣. Factors that may account for the divergent cytokine findings include differences in the strains of mice used, severity of CLP model, and timing of sampling.
VIII. BIOMARKERS
In the area of sepsis research, the use of biomarkers are as exciting as they are frustrating; close to 200 biomarker candidates in nearly 4,000 studies have been evaluated to date (301) . Given that several recent review articles have exhaustingly characterized multiple biomarkers (61, 185, 231, 316) , this section aims to summarize the current status using the most relevant examples.
In sepsis, interest in biomarkers was triggered by the early realization that routine physiological and laboratory parameters, the main building blocks of various ICU scoring systems (e.g., APACHE and SOFA), lack diagnostic precision. Given the delay (typically 48 -72 h) (249) and frequently false negative blood cultures (69) , the potential use of circulating biomarkers for rapid detection of sepsis and predicting outcome was actively explored. Historically, procalcitonin (PC) showed the most promise for accurately separating septic from noninfectious SIRS subjects (397, 421) , especially after CRP failed to adequately discriminate patients (231, 391, 410) . The initial enthusiasm for PCT was justified by consistent and strong increases of circulating PCT in adult (50, 348) and pediatric (20, 354) septic patients. After this initial enthusiasm, several reports revealed irregularities of PCT's performance (128, 370, 375, 388) , reducing the initial diagnostic allure. At present, PCT holds only a single official recommendation for use in clinical practice, i.e., as an adjunctive tool for discrimination between the presence or absence of infection in critically ill adults developing new fever (274) . Several other biomarkers were tested clinically, but the data do not support any of these as a diagnostic bedside test (TABLE 5 ).
In the quest for an infallible separation of infectious from noninfectious SIRS patients, two imminent diagnostic drawbacks appear to be somewhat overlooked. Upon a hypothetical discovery of the perfect marker(s), 1) the causative pathogen still will not be identified, and 2) the patient's immunoinflammatory status will likely remain unclear. The clear benefits of an earlier decision-making for initiation or withholding of a broad-range antimicrobial treatment (88, 198) could turn into a lethal flaw if an ineffective antibiotic is given (197) . Similarly, an aggressive, life-saving immunomodulatory intervention might actually increase mortality when applied indiscriminately (109) . Both flaws could be perhaps remedied, at least partially, by a rapid detection of bacterial/fungal DNA in blood or tissues (160, 225, 226) or employment of gene array-based immunoinflammatory profiling (437). (108) IL-1ra All pediatric S1: 182 patients S1: an increase 2 days before the sepsis onset; IL-6 and ICAM-1 also assessed ( Reference numbers are given in parentheses. *Modified from Pierrakos and Vincent (301) . ϩ Pediatric population includes newborns, neonates, and children up to the age of 18. S, study; aPTT, activated partial thromboplastin time; EA, elastase alpha 1-proteinase inhibitor; G-CSF, granulocyte colony-stimulating factor; IL, inteleukin; IP, interferon-induced protein; LBP, lipopolysaccharide binding protein; MCP, monocyte chemotactic protein; suPAR, soluble urokinase-type plasminogen activator receptor; TREM, triggering receptor expressed on myeloid cells.
Two additional biomarker-related areas of interest lie in identifying septic patients along the spectrum of disease severity and risk of death to accurately define their underlying immunoinflammatory pattern. Both topics have attracted attention only recently as the awareness on the complexity of septic responses (161, 317) and the need for more homogeneous treatment cohorts (15, 149) had emerged as described in the above sections concerning acute versus chronic sepsis. A plethora of novel and old biomarkers including cytokines (302, 351, 356) , PCT (131, 182) , CRP (158, 308) , neopterin (315, 367) , pentraxin (173, 256, 406) , suPAR (84), TREM-1 (453), NT-proBNP (407), and NT-proCNP (27) have been considered hopeful for predicting sepsis survival. These and other examples are covered in the excellent reviews by Pierrakos and Vincent (301) and Lichtenstern et al. (217) . Overall, there is a consensus that simultaneous evaluation of multiple biomarkers and their serial measurements should be favored over the single timepoint and single target approach. This applies both to identification and monitoring of the immunoinflammatory status (175, 186, 240) as well as prediction of the ICU outcomes (56, 131, 315, 389 ).
Yet another promising philosophy of harnessing biomarkers into effective treatments against sepsis can be directly adapted from oncology, namely, to identify patients who will benefit from specific therapy based not only on the disease severity (i.e., likelihood of dying or surviving) but rather on his/her own unique metabolic and physiological make up (once unequivocally identified). For example, in breast cancer, the absence of the estrogen receptor is used as an indicator to not treat with anti-estrogen drugs like tamoxifen (38) , whereas presence of the epidermal growth factor receptor 2 (HER-2) is likely to result in a positive response to therapy with trastuzumab (anti-HER-2 monoclonal antibody) (298) . Thus linking biomarkers responsible for specific processes to various anti-sepsis medications should improve the accuracy of sepsis interventions. The successful use of early goal-directed therapy protocols (329) and the corticotrophin-directed hydrocortisone therapy (358) can be viewed as harbingers of such an approach. In addition to targeting patients with similar sepsis severity, in both cases treatment decision making rests on specific "physiological function biomarkers" (i.e., cardiac load and short corticotropin test) that aim to identify patients with higher likelihood of positively responding to those therapies.
At present, however, the only realistic biomarker application in sepsis that has crystallized is guidance for antimicrobial therapy (343) . Specifically, the routine use of a PCTbased algorithm for antibiotic management safely reduces patients' exposure to antibiotics (45, 130, 344, 363) and improves cost effectiveness of ICU care (433) . Reconfirmation of this potential should be provided by data from several ongoing PCT antibiotic management trials (ClinicalTrials.gov identifier: NCT00472667, NCT 01494675, NCT 00250666, NCT 00692848, NCT 00854932). Positive findings will likely sanction a widespread use of PCT for the purpose of antibiotic management.
Besides appropriate antibiotic usage, the unfortunate reality is that nearly two decades of research have failed to produce even a single, stand-alone, and uniformly applicable biomarker based test for sepsis. This, and the dismal clinical trial record, underscores the complexity of the immunoinflammatory fingerprints of sepsis and the need for a fresh diagnostic outlook (12, 121) . If successfully harnessed, biomarkers might still become the master key to an effective and rapid sepsis diagnosis, defining the individual immunoinflammatory patterns, identifying the high risk cohorts, and predicting the likelihood of treatment responses, the core components of the coveted personalized treatment dogma. Yet, the perplexing heterogeneity of septic patients, the disease itself, and a highly transient appearance of biomarkers remain insurmountable obstacles in achieving those goals at the present time.
IX. THERAPEUTIC INTERVENTIONS
A. Therapeutic Interventions: Animal Models
Animal models have been utilized in an effort to develop reproducible systems for studying the pathogenesis of sepsis and initial testing of potentially effective therapies. Despite nearly three decades of intense research, both goals have been proven very difficult to achieve. Interpretation of data from early animal models, particularly those based on injection of lipopolysaccharide (LPS) or Escherichia coli (E. coli), led to an oversimplified understanding of septic responses portraying them as uniformly hyperinflammatory (54, 322) . This belief was fueled by numerous successful preclinical studies where inhibition of circulating endotoxin, TNF-␣, IL-1␤, or IL-6 cytokines or their receptors in mice (9, 22, 119, 451) , rats (135, 201, 305) , rabbits (277, 417) , and non-human primates (107, 115, 386) dramatically improved survival in animals. All of these models infused high-dose boluses of LPS or E. coli. Despite these positive results, application of the same strategies in the clinical realm was not only completely futile but in some cases actually harmful (109) .
This startling disparity between animal and human trials provoked careful reexamination of seemingly logical therapeutic strategies. Subsequent studies demonstrated that LPS-based models were unrealistic (321, 322) and established that the exuberant inflammatory burst was not the only (and dominating) component of the multilayer immunoinflammatory sepsis response. As a consequence, the majority of animal models used to study sepsis were deemed too simplistic and one dimensional (306, 328) .
As reviewed in section IIA, several new and more sophisticated experimental models such as colon ascendens stent peritonitis (CASP), fibrin clot peritonitis, cecal ligation and puncture (CLP), second hit bacterial pneumonias, as well as protracted and low-dose infusions of live E. coli have been introduced. They all appear to more adequately recapitulate various vital aspects of clinical sepsis (171, 306) . For example, newer preclinical studies reproduced failures of clinical trials (100, 413) , showed clinical-like sensitivity to antibiotics (264, 392, 393) , and produced late mortality (36, 288, 445) that was accompanied by distinct immunosuppression (33, 36) . It needs to be stressed, however, that none of the experimental models recapitulates the spectrum of existing clinical scenarios resulting in sepsis. Treatmentrelated findings from each of those specific models should only be extrapolated to the specific clinical scenario it attempts to recapitulate (e.g., CLP representing polymicrobial peritonitis). Unfortunately, despite markedly improved models, preclinical testing of therapeutic substances continues to be plagued by inadequacies that hinder extrapolation of animal data to the patient population. The most prominent difficulties include 1) excessive severity of the septic insult, 2) virtually exclusive focus on early (acute) events, 3) age mismatch and lack of comorbidities in tested animals, 4) pretreatment versus posttreatment, 5) lack of broadspectrum antibiotic coverage, and 6) relatively poor reproduction of the technical intensive care unit capabilities. This is far from an exhaustive list. These shortcomings should be rectified to allow development of better quality preclinical evidence.
Apart from a relatively straightforward assessment of dozens of potential antisepsis medications, contemporary sepsis models constitute an excellent tool for testing novel therapeutic concepts within the area of personalized medicine. One of the strongest common denominators between animal and human sepsis studies is that effectiveness of many (mostly anti-inflammatory) therapies was shown to be highly dependent on risk of death due to sepsis (94) . Although activated protein C (drotrecogin alpha, activated) therapy targeting septic patients ultimately failed (314), identification and characterization of more homogeneous and narrower patient cohorts appears as a promising therapeutic avenue (94, 279, 303) . This is precisely a niche where animal modeling may bring the most enlightenment and suggest new approaches without actually identifying specific, new therapeutic targets. IL-6 guided stratification is one of the early steps in this direction, since treatment with either monoclonal antitumor necrosis factor (292) in patients or dexamethasone (284) in mice only benefited those subjects with high risk of death. In contrast, inhibition of plasma PAI-1 in murine sepsis was lethal only in mice predicted to live, while the treatment revealed no effect in an unstratified (all-inclusive) population (311) . Compared with labor intensive and relatively inflexible clinical trials, fine-tuning animal models and matching them with specific medications is relatively easy and fast. If the above scenarios prove effective in relevant preclinical models, they will likely encourage a relaunch of the new, much smaller, and focused clinical trials. It would not be entirely surprising if the latter approach resulted in the resurrection of the "old" therapeutics that had failed in the previous, all-inclusive trials.
B. Therapeutic Interventions: Human Septic Patients
Although the new millennium promised many improvements in survival from sepsis and septic shock, most therapeutic interventions have failed to be efficacious when investigated clinically. Similarly, the notion of the pathogenesis of sepsis as primarily due to an overzealous inflammatory response has been appropriately questioned. As of April 2013, there were over 1,000 trials registered with clinicaltrials.gov dealing with sepsis. Review of many of these studies shows that they are closed with no results posted. This information reinforces that many years of clinical trials have demonstrated that treating the disease with reasonably applied anti-inflammatory agents has not been successful. It has been suggested that septic patients possess heterogeneous immune responses which account for mortality in sepsis, i.e., not all deaths are directly attributable to overwhelming inflammation as previously discussed. Manipulation of pathways that modulate inflammation by targeting the complex interactions of early and late inflammatory mediators may offer a novel opportunity to markedly improve the mechanistic understanding of sepsis and the development of clinical therapies.
Current treatments
Sepsis continues to be a significant cause of morbidity and death in critically ill patients, despite optimal treatment. A patient admitted with severe sepsis has a risk of mortality approximately six times greater than if a patient was admitted with an acute myocardial infarction, and four to five times greater than if a patient had an acute stroke (72) . With the exception of antibiotics and low-dose steroids in certain instances, the care of septic patients remains supportive. However, it should be noted that bathing with chlorhexidine has emerged as a preventative measure to reduce the development of hospital acquired bloodstream infections that could lead to sepsis (64) .
Frequently measuring physiological and laboratory parameters is important for guiding resuscitation in the critically ill septic patient. Endotracheal intubation and mechanical ventilation may be necessary to provide respiratory support for the increased work of breathing or airway protection needed in septic patients. Pulse oximetry provides continuous noninvasive monitoring of oxygen saturation. In addition, arterial blood gas (ABG) sampling is frequently indi-cated, often every 4 -6 h initially, to directly assess oxygenation and ventilation. It can be used together with other clinical criteria to identify the common sepsis complications of ALI or ARDS.
After the patient's airway is secure and breathing stabilized, the adequacy of perfusion is evaluated. Hypotension is a common sign of inadequate perfusion, and it is often accompanied by tachycardia. Early, frequent blood pressure measurements should be obtained, but a sphygmomanometer may be unreliable in hypotensive patients (159) . Therefore, placement of an invasive arterial catheter is valuable particularly if the blood pressure is labile, a prolonged resuscitation is anticipated, or frequent arterial blood sampling is necessary. Indicators of hypoperfusion include systolic blood pressure (SBP) Ͻ90 mmHg, mean arterial pressure (MAP) Ͻ65 mmHg, change in mental status, decreased urine output, increased lactate or base deficit, and decreased mixed venous oxyhemoglobin saturation (Sv O 2 ). A central venous catheter (CVC) may also be useful in septic patients requiring resuscitation. The line may be used to infuse intravenous fluids, medications, and blood products, as well as draw blood. Serial laboratory measurements such as complete blood count (CBC) with differential, metabolic panel, and coagulation studies help guide management of the septic patient.
Scoring systems like APACHE (Acute Physiological and Chronic Health Evaluation), SAPS (Simplified Acute Physiological Score), MPM (Mortality Prediction Model), and SOFA (Sequential Organ Failure Assessment) may assign similar physiological scores to individuals but do not fully assess the inflammatory status of septic patients (362) . Multiple clinical trials have shown that broadly-applied antiinflammatory therapies are ineffective or even harmful (317) . No targeted therapy has yet been developed that specifically modulates the dysfunctional immune response that occurs during sepsis. However, the standard use of early goal-directed therapy (EGDT) has been shown to improve survival rates, emphasizing the need for early identification and treatment of patients developing sepsis.
EGDT serves as a valuable treatment algorithm in the critical care setting, and this therapy has been shown to increase survival in a human clinical trial of severe sepsis and septic shock (329) . It focuses on early and active supportive care of septic patients, but does not directly address the underlying infectious and inflammatory pathogenesis of sepsis. Since its inception in 2001, specific components of EGDT have been individually studied and validated. Hypotension, defined as a systolic blood pressure Ͻ90 mmHg, and a lactate level Ն4 mM have been shown in several studies to be high risk predictors of illness and mortality (242, 350, 387) . The aggressive, timely intravenous fluid goals of EGDT have been validated in subsequent studies showing improved microcirculation perfusion in the early phase (282) , a shift to a more anti-inflammatory state (86) , and reduced mortality (258) . Rapidly decreasing lactate levels within 6 h of sepsis presentation also serve as a proxy measure for resolution of global tissue hypoxia, leading to reduced organ dysfunction and improved survival (266) . In a multicenter study, Pope et al. (307) show the benefit of central venous oxygen saturation (Scv O 2 ) as a resuscitation end point since failure to reach an Scv O 2 Ͼ70% within the first 6 h is associated with significantly increased mortality (307) .
EGDT has developed into the Surviving Sepsis guidelines, revised in 2008 (78) and updated in 2013 (79) . These international guidelines aim to diminish barotrauma due to mechanical ventilation, control infection, preserve organ perfusion, and avoid hyperglycemia. Additional measures such as the administration of low-dose steroids are recommended if indicated. Significantly, the overall benefit of the original EGDT trial has been validated in at least 19 studies of adult septic patients in the past 10 years (330) . Whether EGDT is implemented in the emergency department or the ICU, these studies show that the outcome benefit is equivalent or surpasses the 2001 EGDT study (58, 194) . Coba et al. (65) demonstrate that EGDT is even effective up to 18 h after a patient presents with sepsis, suggesting that delayed implementation of the resuscitation guidelines is still beneficial. Overall, EGDT outcomes are reproducible and generalizable to tertiary-care and community hospitals with the potential to prevent death in one out of every six lives affected by sepsis. It should be noted that the surviving sepsis campaign, with the bundled care protocols, decreased sepsis mortality (215).
Modifications to existing regimens
A) ADRENAL INSUFFICIENCY. Septic patients are at risk for developing adrenal insufficiency of critical illness (AICI). This condition can present as hypotension and ventilator dependency such that patients may benefit from administration of exogenous steroids to restore their hemodynamic stability. A random serum cortisol level obtained in the presence of a severe endogenous stress such as sepsis evaluates the entire hypothalamic-pituitary-adrenal (HPA) axis, and evidence suggests it can be considered superior to traditional ACTH stimulation testing. Random total serum cortisol levels Ͻ10 g/dl in the presence of hemodynamic instability, as well as a change in cortisol (after 250 g cosyntropin) Ͻ9 g/dl, are sufficient to diagnose AICI in such patients (17) , and glucocorticoid replacement therapy should be initiated.
Previous efforts to use high-dose steroids in septic patients have not improved survival and may even cause harm (2, 44, 71, 209) . However, lower dose steroids such as hydrocortisone 200 -300 mg/day may have a potential benefit. A number of smaller randomized control trials support the use of low-dose steroids in sepsis (40, 48) . In contrast, the largest randomized controlled trial, CORTICUS, showed no significant difference in 28-day mortality between patients treated with corticosteroids and those receiving pla-cebo. However, it did decrease time to reversal of shock (358) and is often used as an adjunct therapy in sepsis. Conflicting results remain between the findings of the largest randomized clinical trial and multiple smaller ones (16, 31) . Subsequently, the 2008 Surviving Sepsis Campaign updated the guidelines for use of corticosteroids to patients in septic shock who are poorly responsive to both fluid resuscitation and vasopressors (78) . These were further refined in the third edition published in 2013 with recommendations that intravenous hydrocortisone not be used if hemodynamic stability has been achieved (79). B) GLYCEMIC CONTROL. Stress-induced hyperglycemia frequently occurs in septic patients. Elevated blood glucose levels are associated with an increase in nosocomial infections and mortality in critically ill patients (106) . The optimal blood glucose (BG) range in sepsis remains a subject of debate, and current recommendations are changing. There are multiple studies comparing intensive (often BG 80 -110 mg/dl) versus conventional (usually BG 180 -200 or Ͻ200 mg/dl) insulin therapy groups. Several recent trials found no difference in survival between the groups (19, 309, 400, 431) . The largest randomized, controlled trial, NICE-SUGAR, even demonstrated increased mortality in the intensive insulin group (104).
Of concern, these studies also show that intensive insulin therapy also causes a significant increase in hypoglycemia (BG Ͻ40 or Ͻ50 mg/dl) compared with the conventional group. Hypoglycemia in intensive insulin groups (BG 80 -110 mg/dl) is associated with deleterious effects and is independently linked to increased ICU or hospital mortality (19, 155, 309) . Based on the evidence, maintaining strict glycemic control (BG 80 -100 mg/dl) is not warranted, but the optimal upper limit of the target range remains unclear. Currently, the American Association of Clinical Endocrinologists and American Diabetes Association (ADA/AACE) recommends a BS range of 140 -180 mg/dl for critically ill patients with an understanding that targeting the lower end of this range may be beneficial (245) . The 2013 surviving sepsis guidelines target maintaining glucose Ͻ180 mg/dl (79) .
Even with optimal current therapy, septic patients still experience unacceptably high morbidity and mortality, suggesting variability in the response of individuals towards treatment. It remains to be seen if current modifications in treatment guidelines for septic patients will maintain their beneficial effects with widespread implementation. However, the recent failure of promising drugs to further reduce mortality in patients underscores the need for new therapeutic approaches to combat sepsis.
Recent failed therapies
Many potential treatments for sepsis have been examined but have either failed to improve clinical outcomes or are harmful. Based on the results of the PROWESS study, Xigris (recombinant human activated protein C) was FDA approved in 2001 for treatment of high-risk, severely septic patients as the trial showed an improvement in 28-day all-cause mortality (37) . Subsequently, the PROWESS-SHOCK study was conducted to further evaluate the benefit-risk profile of the medication after conflicting reports. These subsequent studies demonstrated that Xigris therapy did not improve survival for patients with septic shock, which is a slightly different target from severe sepsis, the original PROWESS target. The clinical studies were reviewed in greater detail in section VB.
Developing new therapies for sepsis has been particularly challenging, with more than 25 unsuccessful drug trials (276, 327, 419, 426) . Efforts to suppress the host's excessively active immune response by administration of monoclonal antibodies against TNF (5, 67, 109) , blocking IL-1 activity with receptor antagonists (110, 280) , and antibodies to endotoxin (13) have been unsuccessful. Use of granulocyte colony-stimulating factor (filgrastim) (332) to elevate white blood cell counts also failed to show any survival benefit. Other therapies such as nitric oxide inhibitors, antithrombin, and N-acetylcysteine failed to demonstrate efficacy. The multifaceted interplay and dynamic response of the innate immune system's cytokine production during sepsis represents an ongoing difficulty to developing appropriate therapeutics. Cortisol replacement was pursued as a possible therapy in sepsis that initially showed promise but in large multi-center studies was shown to have no role in the treatment of sepsis (40, 41, 44) . Hydroxyethyl starch (HES) is a newer form of fluid resuscitation, and patient outcomes were compared with standard crystalloid or albumin resuscitation. No improvement in survival was shown, and there was an increase in acute kidney injury and serious adverse events (147) . It has been strongly suggested by some experts that the use of HES in the ICU should be immediately discontinued as the initial evidence favoring HES might have been biased (151) .
Toll-like receptors (TLRs), which are a subfamily of pattern-recognition receptors (PRRs), have emerged as critical receptors for the recognition of damage-associated molecular patterns (DAMPs) and initiation of the inflammatory response. Recent potential therapies, such as the Toll-like receptor 4 antagonist, are novel in that they target the inflammatory cascade further upstream. A 2010 phase II clinical trial of this drug did not demonstrate improvement in survival, although the higher dose group trended toward lower mortality (380) . In an international phase III randomized trial, Rice et al. (325) used the anti-TLR 4 compound eritoran tetrasodium in a cohort of patients with severe sepsis. Unfortunately, there was no cytokine suppression or improvement in 28-day all-cause mortality (325) . Subsequently, the larger phase III ACCESS study of eritoran also failed to demonstrate a decrease in all-cause death by day 28 or up to 1 yr (281) . One possible reason is that anti-TLR 4 therapy may only be effective in patients with Gram-negative sepsis, and it is likely that better patient stratification based on infectious source (i.e., abdominal cavity vs. lungs) would have yielded a better outcome. Overall, the results of TLR 4 antagonists in sepsis appear much less promising than originally expected.
New experimental interventions
Modulating the interactions between the innate immune system and T cells may represent an innovative approach to developing therapies for combating sepsis. IL-7 is essential for lymphocyte survival, and deficient IL-7 gene expression in peripheral blood leukocytes exists in septic patients (428) . Kasten et al. (183) showed that treating mice with the potent, anti-apoptotic IL-7 increased Bcl-2 expression in T cells isolated from septic mice as early as 3 h and produced local and systemic increases in IL-17. The results demonstrate that IL-7 can mediate the interactions between Th1 and Th17 lymphocytes during sepsis, improving neutrophil recruitment and bacterial clearance while avoiding early end-organ tissue injury (183). Unsinger et al. (395) also report that rhIL-7 blocks apoptosis of helper T cells, restores IFN-␥ levels, improves immune effector cell recruitment to the infected site, and reduces mortality. Future clinical trials with IL-7 in sepsis hold potential if current phase II clinical studies in other patient populations confirm the safety of the drug.
Blood filtration devices such as polymyxin B fiber columns act to absorb circulating endotoxins in an effort to reduce harmful interactions between potent bacterial components and the host in gram negative sepsis. Early studies of polymyxin B hemoperfusion suggested beneficial effects, but unblinded designs and publication bias emphasized the need for further rigorous trials (298) . A prospective, randomized controlled clinical trial with polymyxin B hemoperfusion in Italian ICUs demonstrated improved clinical outcomes and mortality in patients with severe sepsis or septic shock undergoing emergent operations due to an intra-abdominal source (38) . Cardiovascular and respiratory parameters were enhanced, organ dysfunction improved as measured by SOFA scores, and mortality was 32% in the experimental group versus 53% with standard therapy in the phase II trial. Some limitations of the study were that treating clinicians were not blinded, and the sample size was modest as a result of halting the trial early after favorable interim analysis. However, selection of a highly targeted patient population with a single source of sepsis, higher sepsis severity, and definitive source control created a trial better positioned to establish efficacy in a specific cohort. Ongoing testing of polymyxin B absorption columns such as toraymyxin which is produced by Spectral Diagnostics is being conducted (435) and could prove efficacious in targeted patients with gram-negative sepsis.
Talactoferrin, a human recombinant lactoferrin, is believed to be a compound that helps maintain the integrity of the gut mucosal barrier and can be administered enterally. A 2013 phase II clinical trial with talactoferrin for the treatment of patients with severe sepsis was recently reported. The placebo control group had a mortality of 26.9% at 28 days, consistent with most studies. The talactoferrin group had a 28-day all-cause mortality of 14.4%, and the better survival was maintained up to 6 mo. The lactoferrin was given enterally, and it is believed that the compound helps maintain the integrity of the gut mucosal barrier (144) . Yet, a subsequent phase II/III trial of talactoferrin in severe sepsis was discontinued by Agennix AG after the treatment group had worse outcomes than placebo (237) . Further investigation of this drug is indicated to understand its possible use in sepsis.
Other immunomodulatory therapies in sepsis are being explored such as granulocyte macrophage colony stimulating factor (GM-CSF), programmed cell-death ligand-1 (PD-L1), and IL-15 (163) . Bolstering host immunity is a therapeutic approach with increasing promise as significant immunosuppression is recognized in sepsis, especially with prolonged disease recovery and an older patient population with significant comorbidities. After selecting for immunosuppressed septic patients by evidence of monocyte HLA-DR downregulation, GM-CSF administration improved HLA-DR expression, in-patient length of stay, and mechanical ventilation time (239) . A multicenter phase III trial is needed. Interfering with PD-1, an inhibitory costimulatory molecule, signaling may can improve T-cell function and reduce microbial burden (352) . A 2012 study demonstrated success of an anti-PD-1 antibody in cancer patients (385) , and this type of immunomodulation could be effective in sepsis, as abnormally high levels of PD-1 expression on T cells was associated with immune dysregulation, nosocomial infections, and reduced survival (143) . Additional studies are required to determine if anti-PD-1 treatment should be investigated clinically in septic patients. Various other immunomodulators like IL-15 and adenosine receptor antagonists are in preclinical testing and represent possible targets for future sepsis therapy (34, 177) .
Even with optimal current therapy, septic patients still experience unacceptably high morbidity and mortality, suggesting variability in the response of individuals towards treatment. Sepsis can occur in a range of individuals from a 21-yr-old healthy man with traumatic brain injury and a ventilator-associated pneumonia to an 85-yr-old diabetic, end-stage renal disease woman with perforated diverticulitis. Since septic patients are not a uniform population, better stratification is needed in clinical trials to target therapies to a narrower group of individuals who are more likely to benefit. Therapies are also unlikely to be effective in sepsis from all infectious sources. Whether the invasive pathogen originates in the lungs, abdomen, urinary tract, skin, or other location may impact the type of therapy and subpopulation in which it is implemented. As the hypoinflammatory component of sepsis is more understood and septic patients are surviving initial insults with prolonged recovery, new therapies targeting immunosuppression may emerge. It remains to be seen if current modifications in treatment guidelines for septic patients will maintain their beneficial effects with widespread implementation. However, the recent failure of promising drugs to further reduce mortality in patients underscores the need for new therapeutic approaches to combat sepsis.
X. DYNAMIC MATHEMATICAL VIEW OF SEPSIS
One of the most difficult problems in sepsis is patient heterogeneity due to a multitude of infecting pathogens eliciting a diverse range of host responses in an exceedingly outbred population. These complicate every aspect of sepsis clinically and scientifically, from diagnosis to prognosis, to design and interpretation of clinical trials. A diagnosis of sepsis is based on clinical symptoms and suspicion: altered temperature, heart rate, respiration rate and white cell counts, and possible infection (see TABLE 1 ). Since infection is identified in only about half of sepsis patients (233), clinical suspicion of infection remains a large part of the diagnostic equation. While considerable effort is being invested in biosensor development for clinical pathogen detection and identification to eliminate this uncertainty, technical obstacles remain (116) . Promising biomarkers are being evaluated to distinguish patients with septic SIRS and sterile SIRS (455) , but have yet to be validated in large populations. Please refer to section VIII on biomarkers for additional information. Even when the pathogen is identified, most patients present with comorbidities, and every patient differs in their genetic make-up and in their response to intervention. Differentiation of sepsis patient groups according to disease severity (shock, multiple organ failure) has obvious clinical relevance, but has limited use for design of prospective interventional clinical trials because there is no means to predict whether a patient will have a relatively uncomplicated septic course, or decline into shock with respiratory failure and DIC.
To eliminate these ambiguities, the emerging field of personalized medicine seeks to combine genetic, proteomic, and metabolomic data from each patient to guide clinical diagnosis and treatment decisions which will be most effective for that individual. This data approach is proactive, differing from the largely reactive method of traditional clinical practice which relies on clinical symptoms, laboratory and imaging data, family history, and personal health history. Broad-platform precision technologies, bioinformatics, and the evolving field of systems biology provide tools for acquisition and analysis of vast datasets to develop comprehensive networked maps of healthy and diseased cellular activities. For sepsis patients, predictions from genomic microarray data will likely be less about risk of disease, such as risk of breast cancer, because they already have sepsis, and more about risk of complications. A sepsis patient who was previously otherwise healthy, but identified upon admission to have a risk of pulmonary fibrosis due to ␣1-antitrypsin deficiency (365) or coagulopathy due to a prothrombotic antithrombin polymorphism (18) could be monitored closely and treated prophylactically. One could envision a panel of genes and SNPs that report risk of sepsis severity and morbidity, but these will need careful validation in patients. The presence of factor V Leiden is predicted by animal models to be prothrombotic, but in reality makes little contribution to development of DIC or outcome in sepsis patients (212) .
Genomic data describe a static environment, whereas sepsis is an acute, rapidly dynamic illness. In this context, strategies are developing to apply mathematical modeling tools to datasets acquired from cell or tissue mRNA profiles and biomarkers in fluids (blood, urine) for descriptive profiling patterns. With the use of DNA microarray for almost 7,400 genes, the multiorgan response to mixed microbial peritonitis (surgical CLP model) in a rat model was shown in tissues from 6, 12, 18, and 24 h postchallenge (63) . While a time profile was not clear from this study, it did provide a multiorgan view to distinguish responses within and between organs. In a similar experiment in C57BL/6 male mice, the differential gene expression (588 genes) profiles in liver and spleen were compared 24 h after CLP challenge (66) . Distinct changes in cDNA profiles were observed in the two organs, most of which were linked to regulation of inflammation. This static view of mRNA expression has since been developed by the same group toward time-based profiling using leukocyte mRNA from patients with ventilator-associated pneumonia (VAP; n ϭ 11) (238) . The day of VAP diagnosis was designated day 0, and samples from day Ϫ3 to day ϩ3 were analyzed. mRNA species with abundance changes were clustered and the dynamics projected using a method similar to principal components analysis (Karhunen-Loeve Decomposition). Changes in the PC2-PC3 space of 85 human genes showed that a trajectory toward illness could be identified several days before the VAP diagnosis. As patients recovered, their individual variance in the PC2 space decreased, providing a "riboleukogram" of each patient's clinical course. However, mRNA abundance frequently does not correlate with translation to protein or biological outcomes.
With the use of a different approach, datasets of common clinical physiology and experimental cytokine parameters obtained over time in a nonhuman primate model of aseptic SIRS (360) were grouped, normalized, and analyzed without knowledge of survival outcome as a function of time using principal component analysis (H. Hardway, D. J. Stearns-Kurosawa, and S. Kurosawa, unpublished data). It was found that while physiology data (e.g., liver and renal profiles, blood pressure, respiration rates, etc.) differentiated between survivors and nonsurvivors, the distinction came too late and had no predictive value. In contrast, cytokine time-map paths (PC1 vs. PC2) separated survivors and nonsurvivors by 10 h postchallenge giving confident prognosis by day 2-3 postchallenge, well before death (FIGURE 10). This is another encouraging glimpse into a beneficial future of biomarkers for patient stratification approaches.
Several equation-based modeling approaches have been used to model inflammatory responses. A model using deterministic equations of circulation, infection, organ damage, and recovery provide a different approach to modeling sepsis and septic outcomes (458) . These equations incorporate parameters such as rate of blood circulation, body size (BMI), pathogen rate of reproduction, age, end-organ damage, and energy consumption. The blood circulation component (by echocardiography and cardiac stroke volume) was included to model white blood cell migration through the vasculature, dissemination of pathogen particles, and interactions between blood cells and pathogens (particle interactions based on systemic and Brownian motion). The combined equations describe a parameter H derived from easily measured variables (e.g., body mass, height, fasting glucose, lung capacity) as a measure of health monitoring, and as H deviates from unity, it predicts increased risk of disease with unfavorable outcome. To date, this is a theoretical model and has not been tested with data from sepsis patients.
A reduced model of acute inflammation also used a differential equations approach to distinguish a healthy response to infection, where a pathogen is cleared without undue complications, from recurrent and persistent infections and immunodeficiency with a low inflammatory response (200) . These equations rely on rates of change in pathogen concentration as well as early (TNF-␣, IL-1␤) and late inflammatory mediators (IL-6, HMGB1). Perhaps not surprisingly, the model predicts patient group complexity and that a therapeutic strategy to treat all sepsis patients as a single population is unlikely to work because of the distinct physiological subsets of inflammatory responses. This is consistent with failed sepsis clinical trials for adjunctive therapies where subsequent meta-analysis identified subgroups that responded positively to the intervention (206, 347, 430) .
Agent-based modeling approaches have also been used to model inflammatory responses. The nonlinear dynamics of acute self-limiting or unresolved endotoxin-induced inflammatory responses was modeled using agent-based rules based on leukocyte transcriptional data, signaling, and physiological components with a focus on NFB signaling (85) . The model predicted that resolution of the endotoxinmediated inflammatory response depended on the balance between pro-and anti-inflammatory mediators and was regulated by the energetic state of immune cells. It further predicted the endotoxin hyporesponsiveness observed in biological models (427) .
Translational systems biology is a nascent field of applied mathematics intended to bridge the needs of preclinical investigations, clinical trials, rational drug design, and hospital care using evidence-based modeling approaches (241) . A model of inflammatory processes needs to be detailed only to where the patient can be assigned within a multidimensional space that describes and predicts the course of the clinical behavior and response to adjunctive therapy, hopefully with resolution of the process and return to equilibrium. Acute inflammation modeled using four differential equations incorporates estimates of pathogen level, activated innate immune cells (e.g., circulation time of neutrophils), tissue damage, and adjunctive anti-inflammatory mediators (e.g., cortisol, IL-10) (324) . Simulated time-dependent modulation of an anti-inflammatory mediator initiated at 10 h postchallenge showed that a transient and relatively small increase in anti-inflammatory mediators would positively alter the balance from nonseptic death to health, but larger increases would not ensure sufficient control over the more robust inflammation. This recapitulates the current consensus based on hard experience that some Mathematical modeling of responses to sepsis can include equations and analyses that consider the host hemodynamic, physiological and inflammation parameters, as well as pathogen distribution or growth. Principal component analysis (PCA) is a technique that analyzes the variance between observations. It is used to identify patterns in data and to express the data in such a way as to highlight their similarities and differences. In the example shown here, PCA analysis of normalized and grouped cytokine data from animals (n ϭ 24) challenged with a proinflammatory toxin reveals gradual separation of survivors and nonsurvivors over time when viewed in the PC1-PC2 space. Genomic and microarray data provide a static view of a physiological condition, but patients with sepsis, septic shock, and comorbidities change rapidly so consideration of time in modeling methods is necessary for relevance to patients.
inflammation is needed and beneficial. Ideally a multidimensional model will describe a patient responding within the context of sepsis, trauma, burns, hemorrhage, or shock by incorporating networked biologic systems (381), genetic profiling (297) , and epigenetic mechanisms (99) .
XI. CONCLUSIONS
Clearly, sepsis causes substantial alterations which culminate in subsequent organ injury and high lethality. No single mediator or pathway drives the septic response which increases the complexity of the disease. All previous attempts to target a single molecule failed to improve outcome, reinforcing that the complex and heterogeneous nature of sepsis which challenges physicians and basic scientists. However, given the substantial morbidity and hundreds of thousands of septic deaths each year, there is an imperative to further define and understand the basic alterations in pathophysiology to elucidate targeted sepsis therapies. This understanding is essential to reducing morbidity and healthcare costs and, most importantly, may help save lives.
